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Abstract

The ability to directly and selectively functionalise hydrocarbons is one of the
greatest remaining challenges facing chemists. The development of catalytic
systems capable of affecting these transformations under ambient conditions
would be of great environmental and economic importance. In nature, enzymes
have been shown to utilise metal-based oxidants, such as high-valent terminal
metal-oxos (M=0O) to carry out these reactions. A multitude of biomimetic
Mn=0 and Fe=0 complexes have been reported which are capable of activating
C-H bonds. In this thesis, we postulate that late transition metal-oxos (Co,
Ni, Cu, Zn) will form more potent oxidants than their early transition metal
counterparts. However, there are currently no examples of stable late transition
metal-oxo species in the literature, owing to the concept of the oxo-wall. It has
been postulated that the oxo-wall may be circumvented through the synthesis
of pseudo-tetrahedral metal-oxos. Herein, we describe the design and synthesis
of several meso- and macrocyclic ligands. These oxidatively robust ligands have
been designed to bind metals in a pseudo-tetrahedral fashion, which we believe
will provide access to unprecedented late transition metal-oxos. We describe
the synthesis of two mesocyclic ligands 2 and 4 as well as a library of useful
synthons containing the 1,5-diazamacrocycle moiety. We show that 2 tends to
form square pyramidal metal complexes [Fe(2)Cl,)] (24), [Cu(2)(MeCN),] (30)
and [Zn(2)Cl,] (31) in the absensce of bridging ligands. In the case of FeCl,, a
diiron species [Fe,(2)2Cl,)] (25) was also observed by X-ray crystallography. We
also report the synthesis of a trigonal planar complex of 4, [Cu(4)(MeCN)](PFy)
(33). Finally, we report the synthesis of a unique tricyclic macrocycle, 5, and
describe tentative evidence that supports the formation of Cu! and lithium
complexes of this ligand.
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Chapter 1

Introduction




1.1 Hydrocarbon Oxidation

The selective oxidation of aliphatic hydrocarbons remains one of the greatest
challenges facing chemists. L Qlefin and BXT (benzene, xylene, toluene)
feedstocks are routinely converted to an array of more valuable products such as
polymers owing to the relatively high reactivity of these substances. However,
owing to their relative inertness, aliphatic hydrocarbons are generally valorised
via cracking, dehydrogenation or reforming processes. These processes require
large amounts of energy and produce significant amounts of carbon dioxide and

therefore have a detrimental impact on the environment.?

CH; + [O] —— CH30H
Figure 1.1: Direct oxidation of methane to methanol.

A prime example of the underutilisation of these aliphatic hydrocarbon
feedstocks is methane.? As the main component of natural gas, methane is
highly abundant and cheap; making it an ideal feedstock for C1 and C2
chemicals such as methanol or acetic acid. However, methane is currently
either burned as a domestic fuel or industrially, converted into syngas . This
can be attributed to the fact that the ability to directly and selectively oxidise
methane (and other C2-C4 hydrocarbons) to olefins or oxygenates, as depicted
in Figure 1.1, are transformations which still elude chemists.? This would be of
great benefit not only because it would allow for the more efficient utilisation
of methane but also because the facile conversion of gaseous methane to
liquid methanol would allow for its convenient transport and storage; further
encouraging its use. There are three main reasons for the absence of such a
process.® The first is that the C-H bonds in these molecules are amongst the
strongest known. Methane for example possesses a bond dissociation energy

of 104 kcal mol?. Secondly, the C-H bonds in these molecules are apolar

2



owing to the similar electronegativity values of carbon and hydrogen, making
them extremely difficult to activate. Finally, the C-H bonds in the oxidised
products are often more reactive towards activation than the starting materials,
meaning that over oxidation is a significant issue. Therefore if we wish to
oxidise hydrocarbons under ambient conditions, we must endeavour to develop

catalytic systems which are capable of doing so.>




1.2 Metalloenzymes

While the facile activation of strong C-H bonds remains a challenge
synthetically, it is a feat which is routinely achieved by metalloenzymes.
Transition metals within the active sites of these enzymes have been shown to be
capable of activating O, and catalysing the oxidation of a plethora of substrates;
displaying remarkable selectivity and substrate specificity. Therefore, it is
useful to study these systems in order to understand the structure function

relationships that purvey this highly desirable reactivity.

1.2.1 Cytochrome p450

Cytochrome p450s are a superfamily of haem based oxygenases that utilise O, to
activate aliphatic C-H bonds.* The p450s represent one of the most well studied
classes of oxygenases therefore provide an excellent example of the mechanisms
employed by oxygenases in general to activate O, and subsequently C-H bonds.

1 centre,

In the resting state, the active site in p450 is comprised of a haem Fe
with a proximal thiolate and distal aqua ligand (A, Figure 1.2). Coordination
of the substrate (RH) displaces the distal aqua ligand to give B, which is then
reduced by one electron to give the Fe'' compound C. Compound C then
reacts with O, to give the Fel'-superoxo complex D. A second electron transfer
step generates an Fe'-peroxy anion which is subsequently protonated to give
the Fe-hydroperoxo complex E, known as compound 0. Protonation of this
unstable intermediate E, and concomitant heterolytic O-O bond scission gives
the Fe!V-oxo complex, F, known as compound I. Compound I then abstracts
a hydrogen atom from the substrate to generate an FelV-hydroxo complex G,
known as compound IT and a substrate radical. The Fe'V-hydroxo then rebounds

I

with the substrate radical to give the hydroxylated product and an Fe™" species.

4



H‘O’H RH
SN SN
A

S
B C
‘ +H20 \ Oz
—m RH o©
S .S
N
D
' -ROH H+\ e
R RH RH
Q’H O H O’OI_|
- S I
S\ S\ S<
G (Compound II) F (Compound I) E (Compound 0)

Figure 1.2: Postulated Catalytic Cycle of Cytochrome p450. The two electron reduction
of O, followed by heterolytic O-O bond scission forms the active oxidant, Compound I.
Circles represent the porphyrin framework.

This is known as the haem paradigm. This mechanism can be summarised as
a two electron reduction of O, followed by heterolytic O-O bond scission to
form a high-valent metal-oxo species; which is capable of activating strong C-H

bonds.*

The extensive characterisation of compound I demonstrated the vital role that
metal-oxos play in biological C-H activation and emphasised their importance
as key synthetic targets for bioinorganic chemists.> More recently, Green and co-
workers have fully characterised compound II and in doing so, elucidated the
intriguing role of the thiolate ligand in p450s.° It is suggested that the strong
electron donating ability of the thiolate pushes electron density onto the metal

centre; lowering the one electron reduction potential. This results in a more
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basic Fe'V-oxo and a higher pKa in the Fe'V-hydroxo i.e. a stronger O-H bond.
This illustrates a fascinating strategy employed by these enzymes to activate
C-H bonds, namely, the formation of a strong O-H bond in the process. The

implications of this are discussed in greater detail below.

1.2.2 Non-Haem Enzymes

As well as the haem enzymes discussed above, high-valent metal oxos have
also been observed as intermediates in a variety of non-haem enzymes.
The a-ketoglutarate (0-KG) dependent oxygenases, are a family of non-haem
iron oxygenases. These enzymes couple the oxidative decarboxylation of o-
ketoglutarate with C-H activation. Bollinger and co-workers were the first to
show that in the a-KG dependent enzyme taurine dioxygenase, a high spin (S
= 2) Fe!V-oxo0 (intermediate J) is responsible for hydrogen atom abstraction; in a
manner akin to p450s compound I (Figure 1.2).” Since this discovery, an array of
other Fe'V-oxo intermediates have been reported as reactive intermediates in the

catalytic cycle of o-KG dependent dioxygenases.®1? This adds further support

I I
Fe Fe 0,
29/ \
H O — iy
Felll’o\ Felll Fe ~0 Fe

Intermediate 'P'

CH?,OHX e

CH O,
4 Fe'V\‘g," FelV

Intermediate 'Q'

Figure 1.3: Catalytic Cycle of Soluble Methane Monooxygenase. The di-iron(IV)-oxo
speices, Q, is responsible for C-H activation.




to the fact that metal-oxos are powerful oxidants.

In addition to the mononuclear non-haem iron enzymes capable of activating
C-H bonds, there are also dinuclear iron enzymes that carry out similar
transformations. Most notably, soluble methane monooxygenase (sMMO) is
a di-iron enzyme capable of oxidising methane to methanol (Figure 1.3).112
Similar to p450, dioxygen activation occurs through a two electron reduction
of Oy. In the first step a di-iron(Ill)-peroxo, intermediate P, is formed from
the reaction of the di-iron(Il) resting state with O,. Subsequent heterolytic
O-O bond scission affords the di-iron(IV)-oxo species, intermediate Q; which
is then responsible for functionalising the C-H bond in methane to produce

methanol. 1113

Iron is extensively employed by enzymes as a cofactor due to its high natural
abundance. However, in environments where other metals are rich they have
been incorporated into the active sites of enzymes.!* For example, particulate
methane monooxygenase (pMMO) utilises a copper containing active site.
Owing to the lack of a high resolution X-ray structure of pMMO, there has
been significant debate over the exact nature of the active site.!* Rosenzweig
and co-workers have shown that it most likely contains a dicopper centre; as
opposed to a mononuclear copper, mononuclear zinc or di-iron centre, as had

been previously suggested. !1/1°

The exact structure of the reactive intermediate in pMMO is still unclear.

Density functional theory (DFT) has been used to model potential active sites,

oL oL o.
Cu'{o/Cu'” Cu”\o/Cu'” Cu”\o/Cu”'
bis- p-oxo-Cu ""cu' bis- p-oxo-Cu "cu'" oxyl-Cu "

Figure 1.4: Proposed reactive intermediates for pMMO.




based on the moderate resolution X-ray structures reported in the literature. 114

Two reaction mechanisms namely, hydrogen atom abstraction (HAA) and
concerted oxene insertion have been considered and the most energetically
plausible di-copper intermediates arising from these calculations are shown
in Figure 1.4.1* These intermediates all contain either bridging or terminal
metal-oxo moieties, providing a further example of the oxidising ability of
these species. However, it is difficult to reasonably conclude more from these
computational studies as there is insufficient data to compare all of the possible

intermediates reacting by either of the mechanisms listed above. 4




1.3 Bioinspired Hydrocarbon Oxidation Catalysis

The emergence of a myriad of studies on non-haem oxygenases over the past
20 years has shown how enzymes have evolved to make use of some of
the most unreactive bonds known. Furthermore, they are able to do this
in a selective manner.'® This illustrates that although subtle, the chemical
differences between (for example) secondary and tertiary C-H bonds are
significant enough to allow preferential reactivity. These findings have directed
significant attention to the area of bioinspired oxidation catalysis.!” Bioinspired
catalysts aim to utilise the extremely powerful yet selective metal based
oxidants to oxidise C-H and C-C bonds. Similarly, metal-based oxidants have
been employed in of water oxidation catalysts, inspired by the postulated
reaction mechanism of photosystem II.'® While this is beyond the scope of this
thesis, Spiccia and Singh have recently published a comprehensive review on

the subject. !

1.3.1 Iron Based Cataysts

Non-haem iron based catalytic systems are particularly well developed
therefore, serve as an excellent illustrative example of the potential of

bioinspired systems.!” Non-haem systems have two main advantages over their
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Figure 1.5: Ligands used in the synthesis of highly selective biomimetic iron catalysts.




haem counterparts. The first is that the supporting ligands in non-haem systems
are less susceptible to oxidation than those in haem systems. The second
advantage is that unlike haem systems, non-haem metal centres contain two
vacant cis-coordination sites, potentially allowing for simultaneous binding of
the substrate and oxidant in close proximity. This allows for intramolecular

oxidations.

The first example of a non-haem iron catalyst was based on the tetradentate
polypyridyl tris(pyridin-2-ylmethyl)amine (TPA) ligand shown in Figure 1.5
was reported by Que and co-workers.?? The corresponding complex,
[Fe(TPA)(NCCH3)2](ClO4), was reacted with 10 equivalents of H,O, and 1000
equivalents of cyclohexane. Cyclohexanol (3.0 equivalents) was observed as the
major product along with a small amount of cyclohexanone (0.7 equivalents).
Furthermore, it was shown that the Fe(Il) TPA complex could oxidise both
cis- and trans- 1,2-dimethylcyclohexane to the corresponding tertiary alcohol
products with 99% retention of stereochemistry. This provided the first evidence
that a bioinspired catalyst was a viable candidate for C-H activation in the
laboratory. Que and co-workers later demonstrated that an HO-Fe(V)=0 was
most likely the active oxidant.?! However, this system showed a low yield
(approximately 30% with respect to the oxidant in the case of cyclohexane)
and low turnover numbers, this catalyst showed limited prospect for practical

application.

These values were significantly improved on by Costas and co-workers who
utilised the 1,4-dimethyl-7-(pyridin-2-ylmethyl)-1,4,7-triazonane (pyTACN)
framework shown in Figure 1.5 and derivatives to generate highly active
catalysts.?>?> The Fe(Il) comlex of pyTACN, [Fe(pyTACN)(CF3S03);] was
synthesised and reacted with cyclohexane in the presence of 10 equivalents of
H,0O; and 1000 equivalents of H,O. Cyclohexanol and cyclohexanone products

were obtained in a ratio of 12:1 at a 65% yield with respect to the iron
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(+)- artemisinin

Scheme 1.1: Selective oxidation of (+)-artemisim.

complex. The high selectivity for the alcohol product over the ketone product,
coupled with the high yield of oxidised products demonstrated for the first
time potential practical applications of biomimetic catalysts. Mechanistic
studies again implicated the involvement of an HO-Fe(V)=0 active species,??

demonstrating that high-valent metal-oxo species are capable of selectively

activating strong C-H bonds.

The rapid development in this field since Que’s initial report in 1997
is best exemplified by considering the (5,5)-1,1"-bis(pyridin-2-ylmethyl)-2,2’-
bipyrrolidine (PDP) (Figure 1.5) based system reported by White and co-
workers.?* [Fe(S,S-PDP)(NCCH3),](SbFe), was reacted with a host of substrates
in the presence of 3.6 equivalents of HyO, and 1.5 equivalents of acetic acid.
Addition of acetic acid has been previously shown to improve oxidation
yields.?>?% In the oxidation of cyclohexane, cyclohexanone was obtained in a
92% vyield, demonstrating a significantly greater selectivity than the systems
developed by Que and Costas (vide supra).>* The PDP system was also shown
to selectively and predictably oxidise sp®> C-H bonds. The electrophilic catalyst
preferentially attacks the most electron rich C-H bond, thus can be directed
by electron withdrawing groups, with complete retention of stereochemistry.?*
It was also demonstrated that the PDP catalyst preferentially attacks the least
sterically crowded C-H bond,?”?® owing to the bulky catalyst.?* The predictable

selectivity of this catalyst is best exemplified in the oxidation of (+)-artemisim
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(Scheme 1.1). The most electron rich, sterically accessible sp® carbon atom,
C10, is preferentially hydroxylated, while other functional groups such as the
endoperoxo remain untouched.?* The substrate scope of the PDP based catalyst
has subsequently been expanded to the selective oxidation of sp? carbons to
the corresponding ketones,?’ desaturation of aliphatic C-H bonds®® and most
recently nitrogen containing heterocycles.?! This seminal work by White and
co-workers highlights the potential utility of high-valent metal-oxos in catalytic

systems.

1.3.2 Manganese Based Catalysts

Bioinspired manganese oxidation catalysts are significantly less well developed
than their iron counterparts. This may be in part down to the fact that
there are no examples of manganese containing oxygenases or dioxygenases
found in nature. Nevertheless, manganese based catalytic systems have
been developed and have shown promise in a variety of oxidation reactions.
Perhaps the most well known class of manganese catalysts are those derived
from 2,2-ethylene-bis-(nitrilomethylidene)diphenol (salen), originally reported
independently by the groups of Jacobsen and Katsuki.?*%3 These were shown
to be capable catalysts in the asymmetric epoxidation of alkenes. These
reactions were proposed to proceed via a postulated Mn" =0 oxidant, generated

I

through the reaction of a Mn™" precursor with iodosylbenzene. While there

is experimental support for the presence of the Mn'=O in the reaction

mixture,3*3°

mechanistic studies confirming the role of this species are still
absent from the literature. Furthermore, the nature of the active oxidant has
been shown to be highly dependent on the oxidant employed in the reaction

protocol. For example, when meta-chloroperbenzoic acid (mCPBA) was used

as the oxidant, no evidence for a Mn"=0 was observed and the active oxidant
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was proposed as a Mn"'~OOCOAr (acyl peroxo) species.?* The reactivity of
a variety of salen systems towards alkenes has been extensively investigated
and comprehensively reviewed.3® Importantly, Jacobsen catalysts are widely
employed industrially in the epoxidation of olefins owing to their superior
enantioselectivities. This is a direct result of the reaction proceeding via a metal-

bound oxidant.?” This highlights the potential utility of bioinspired catalysts.

In addition to the salen type systems, a selection of polyamine based catalysts
have more recently been developed, and are proposed to react via high-valent
manganese-oxo intermediates in analogy with their iron counterparts.3* In
general, these catalysts are tetradentate nitrogen donor ligands derived from
enantiopure backbones similar to PDP (Figure 1.5). They have been shown to be
capable of catalysing the asymmetric epoxidation of a variety of simple alkenes
such as chalcones or styrenes with high enantioselectivity, utilising H,O, as the
oxidant.3¥5% Furthermore, as with the iron systems the addition of carboxylic
acids has been shown to significantly enhance the reactivity of the catalyst.
However, mechanistic studies are significantly lacking when compared to the
analogous iron systems. The active oxidants are proposed to resemble those
postulated for iron ie. HO-MnY=0.3* While these studies into manganese
based systems are in their infancy, it is undeniable that they will constitute
an important family of catalysts in the future, owing to the significance of
epoxidation reactions and their ability to make use of a green oxidant such
as H,O,. This once again highlights the crucial role metal based oxidants, in
particular metal-oxos can play in oxidation catalysis and in doing so, identifies
the need to better understand the factors that effect the reactivity of these

systems.
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1.3.3 Cobalt Based Catalysts

Examples of cobalt based hydrocarbon oxidation catalysts in the literature
are rare. However, there are reports worth note. Journaux and co-workers
have described a catalyst derived from o-phenylenebis(N-methyloxamidate)
(Meyopba) (Scheme 1.2). This dianionic oxamide ligand was used to synthesise
the corresponding square planar [Co(Meyopba)]* complex.’® This complex
was then shown to activate dioxygen in the presence of pivaldehyde and was
capable of oxidising secondary alcohols to the corresponding ketones. The
authors speculate that the active oxidant is most likely a Co'V=0. Similarly,
the dianionic 4,5-di-chloro-1,2-bis(2-pyridine-2-carboxamido)benzene (Hybpc)
(Scheme 1.2) has been used to synthesise [COHI(pr)Clz]J'.57 This complex was
shown to catalyse the epoxidation of a variety of alkenes, using mCPBA as the
oxidant. In the presence of protic solvents, the authors invoke the formation of
a Co¥=0 as the active oxidant. In both of these examples, it is proposed that the
formation of the putative high-valent cobalt species is promoted by the highly

basic nature of the ligand.

Cl Cl Cl Cl

NH HN NH HN
— N\ 0 0
N N NH HN
\_/ _ / \
Hobpc Me,opba

Scheme 1.2: Ligands used in the synthesis of cobalt oxidation catalysts.
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1.3.4 Nickel Based Catalysts

Numerous examples exist in the literature of nickel catalysts which are
proposed to perform oxidation reactions via high-valent Ni-oxo species. The
tirst of these was reported by Kochi and Koola, who showed that a Nill 1,4,8,11-
tetraazacyclotetradecane (cyclam) species could epoxidise and/or hydroxylate
olefins in the presence of iodosyl benzene. In these reactions, a Ni'V=0 was
proposed as the most likely active oxidant. Burrows and co-workers have
shown that a salen complex of Ni' would epoxidise a variety of olefins in the
presence of NaOCL In this instance it was speculated that the active oxidant
could be either a Ni'"=O" or Ni'"-OCI species.’® The Journaux and Bhatt
groups have separately reported the synthesis of Ni'' complexes, of oxamide™
or chiral Schiff base ligands®® respectively. These complexes were capable
of activating dioxygen to affect the epoxidation of a variety of alkenes. In
both of these examples, a Ni'¥=0 is proposed as the active oxidant. More
recently, studies in this area have moved to parallel those ongoing with iron
catalysis in both the choice of substrate and oxidant. The Itoh group have
reported numerous examples of Ni" catalysts, containing TPA as well as several
derivatives.%1-%3 Employing mCPBA as the oxidant, they have shown that these
complexes can hydroxylate cyclohexane with high selectivity for the alcohol
product over the over oxidised ketone product. Furthermore, these complexes
have shown selectivity for the formation of primary over secondary alcohols
in the oxidation of adamantane.®!-%* Similar high selectivity has been observed
by other Ni"l catalysts in alkane oxidations utilising mCPBA.%4%5 In all of the
aforementioned catalytic cycles, metal based oxidants are used to account for
the high selectivty. These oxidants have been proposed to include Ni'-0",
Ni"™'=0 and Ni'"V=0 however, little to no direct experimental evidence of the

existence of such oxidants has been put forward to substantiate these claims.
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1.3.5 Copper Based Catalysts

Copper salts and simple copper complexes are widely employed as oxidation
catalysts.®® These reactions have been proposed to proceed by a range of
mechanisms and consequently, the majority of these systems are beyond the
scope of this thesis.®® Nevertheless, in some cases, such as the oxidation of
cyclohexane with CuCl, in the presence of a peracid, an aldehyde and crown-
ether, these catalysts have been proposed to operate via a Cu™~0O" or a Cu'V =0
reactive intermediate.®” Similarly, a [Cu(1,10-phenanthroline)Cl] catalyst has

been shown to oxidise alcohols via a proposed Cu'-0".68

1.3.6 Summary of Biomimetic Catalysis

The development of these highly active biomimetic catalysts which utilise high-
valent metal based oxidants allow C-H bonds to be considered as functional
groups, in the same manner as aldehydes or carboxylic acids; opening the door
to the selective oxidation of hydrocarbon feedstocks to more valuable chemicals.
In order to make progress towards more selective and/or stronger oxidants
we must endeavour to rationalise the fundamental behaviour of the metal-
based oxidants that are responsible for this reactivity. In the case of the iron
and manganese systems, advances in model complex systems are providing
revealing insights into the behaviour of these metal-oxo species; paving the way
for the development of more advanced catalytic systems. However, for the late
transition metals (Co, Ni, Cu and Zn) model complexes are absent from the
literature (vide infra), leaving a gap in our understanding of these systems. It is
therefore imperative that we strive to identify conditions that will allow us to

isolate and study such species.
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1.4 Model Complexes

It is apparent from the above discussion that high-valent metal-oxos are potent
and synthetically useful oxidants. It is important therefore that we attempt
to understand the origin of this reactivity. A significant body of work has
already exists on haem-iron systems,® akin to cytochrome P450 and to a lesser
extent on non-haem, di-iron systems, based on MMO. 70 This thesis will focus on
mononuclear, non-haem, metal-oxo species; which display a more diverse range
of reactivity. Recently, significant attention has been focused on the use of model
complexes to isolate reactive intermediates and probe the associated structure
reactivity relationships. Before discussing the model complexes, which have
been isolated, in detail, it is important to consider what we hope to learn by

carrying out these studies and importantly, how to achieve these goals.

The high-valent metal-oxo intermediates discussed above have all been
postulated to react as electrophilic oxidants in HAA reactions. This is the

reactivity we wish to probe using model complexes. Consequently, we require
a)

I + PR3 —— O=PR3 + M"

b)

Figure 1.6: Chemdraw representation of a) oxygen atom transfer and b) hydrogen atom
abstraction by a high valent metal-oxo species, O=M"*2,
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substrates which are prone to react in this manner. By analysing the products
and kinetic data resulting from the reaction of these substrates with the metal-

OX0 species, we can gain insights into the underlying mechanisms.

The electrophilic character of metal-oxo based oxidants is generally assesed
using nucleophiles that are susceptible to oxygen atom transfer (OAT).
These include phosphines such as triphenylphosphine and thioethers such
as thioanisole, which are oxidised to triphenylphosphine oxide and methyl
phenyl sulphoxide respectively. This is summarised in Figure 1.6a. Similarly,
HAA reactivity is probed using substrates that contain weak X-H bonds and
is summarised in Figure 1.6b. Substrates typically include hydrocarbons
such as 9,10-dihydroanthracene (DHA) or cyclohexadiene (CHD) and various
substituted phenols such as 2,6-di-tertbutylphenol (DTBP). These compounds
have bond X-H bond dissociation energies of 78, 77 and 82 kcal mol™

7172 significantly lower than that of methane (104 kcal mol!) for

respectively;
example.” This means that hydrogen atom abstraction reactions involving
these reagents are relatively facile. These molecular probes have been used

in conjunction with a variety of spectroscopic techniques in unravelling the

chemistry of model high-valent metal-oxo complexes.

1.4.1 Reactive S =1 Iron (IV) Model Complexes

Non-haem iron complexes are by far the most populated class of model
complexes. The major breakthrough in this field came in 2003 when
Que and co-workers isolated and crystalographically characterised an Fe!V-
oxo complex of 1,4,8,11-tetramethyl-1,4,8,11-tetraazacyclotetradecane (TMC);
[FelV(TMC)(NCCHS,)(0)](OTf),.7* The [Fe'[(TMC)(OTf),] starting material was
reacted with the OAT reagent, iodosyl benzene to give the corresponding

FelV=0 species. This provided the first unequivocal evidence for the existence

18



PPN AN = \
/ N/Fe\N \ N,,' R\N Z
N N2 N7 |
||| [ «
[(TMC)Fe'VO]?* [(N4Py)Fe'VO]?*
2+ <§ ? 2+
Fe—N # N, O NN

[(BnTPEN)Fe!VO]?* [(MesNTB)Fe!VO]?*

Figure 1.7: A selection of S = 1 reactive Fe!V=0 complexes.

of a terminal non-haem Fe!Y=0, validating its inclusion as an intermediate in
previously postulated reaction mechanisms of non-haem enzymes (vide supra).
The high stability of this complex is attributed to steric protection provided
by the unusual coordination mode of TMC where the four methyl groups
are orientated anti- to the oxo group; creating a protective pocket from the
methylene CHj groups on the ligand skeleton. This allowed for the reactivity of
the metal-oxo moiety to be investigated. Notably, of the nine crystal structures
of terminal FelV=0 registered in the Cambridge structural database, four of

those contain a TMC derived moiety;”+””

exemplifying the strong stabilising
effect this macrocycle has on these species. Interestingly, Que and co-workers
have recently isolated an analogous complex in which the methyl groups are
syn- to the oxo group.”” It will be fascinating to observe the effect this has on the

stability and reactivity of the complex.

The reactivity of [Fe!V(TMC)(NCCH,)(0)](OTf),
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was probed using the substrates discussed above.”*#”® Upon reaction of
[Fe'(TMC)(NCCH,)(0)](OTf), with triphenyl phosphine, triphenylphosphine
oxide was observed in the post reaction mixture. Furthermore, when the
160 atom was replaced with 180 to give [FelY(TMC)(NCCH,)(*0)](OTf),,
the triphenylphosphine oxide product was found to contain '%0.7* These
observations showed that [FeIV(TMC)(NCCH3)(O)](OTf)z was an electrophilic
oxidant and confirmed the oxygen atom in the product was derived from
the metal-oxo moiety. 78 [(TMC)FelVO(NCCHj3)] was also shown to react with
2,4-di-tert-butylphenol to give 2,2’-dihydroxy-3,3’,5,5'-tetra-tert-butylphenol.
The observed product was formed after abstraction of a hydrogen atom
from the phenol and subsequent coupling of two phenoxyl radicals. This
result indicated that [FeIV(TMC)(NCCH3)(O)](OTf)2 was capable of performing
HAA. This conclusion was supported by the fact that two equivalents of
[FeIV(TMC)(NCCHg,)(O)](OTf)2 were shown to react with one equivalent DHA,
CHD or xanthene, as a one electron oxidant.”8 This reaction resulted in an Felll-
OH byproduct which is not a sufficiently powerful enough oxidant to further
oxidise the substrates. Significantly, these results provided the first direct
evidence for the electrophilic oxidising capebilities of an Fe!V=0. The rates
observed in the reaction of [FeIV(TMC)(NCCH3)(O)](OTf)z with hydrocarbons
were found to be low when compared with other FelV=0O complexes (vide
infra). This has been attributed to the steric inaccessibility of the Fe!V=0 unit

in [Fe!V(TMC)(NCCH,)(O)](OTf),.

As well as conducting reactivity studies, spectroscopic characterisation was
also carried out on the complex. Importantly, [FeIV(TMC)(NCCH3)(O)](OTf)z
contained no chromophoric ancilliary ligands, unlike haem systems, which
lead to an absense of any intense transitions in the visible spectrum. This
allowed the identification of a near-infrared feature at 824 nm in the UV-

Vis, determined to be a characteristic feature of an S = 1 FelV=0 in Cy,
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symmetry.” This subsequently led to the characterisation of a plethora of
FelV=0 intermediates, the number of which now exceeds 50.80 In general,
these species are stabilised by ligands containing strong c-donor atoms such as
tertiary amines or polypyridines. A few noteworthy examples are considered

below.

The pentacoordinate polypyridyl ligand 1,1-di(pyridin-2-yl)-N,N-bis(pyridin-
2-ylmethyl)methanamine (Nspy) was utilised by Que and co-workers to
isolate the corresponding Fe!V=O (Figure 1.7).8! The thermal stability of
[Fe!V(N4py)(O)]** allowed for characterisation by X-ray crystallography; this
also meant that the reactivity of [Fe!V(Ngpy)(O)]** towards cyclohexane at
room temperature could be investigated. Cyclohexanol was observed in the
post reaction mixture. This, coupled with a non-classical kinetic isotope
effect (KIE), showed that [(Nypy)Fe'VO] is capable of hydroxylating the
relatively strong C-H bond in cyclohexane (BDE=99 kcal mol!) via HAA.8!
Similar results were obtained for the complex based on N-benzyl-N,N’,N’-
tris(2-pyridylmethyl)ethane-1,2-diamine) (Bn-TPEN) [Fe!V(BnTPEN)(O)]**.8!
Closely related to [Fe!V(BnTPEN)(O)]?* is the tris((1-methyl-1H-benzoimidazol-
2-yl)methyl)amine (MezNTB) based system, [FelV((Me3NTB))(O)]**.8% This
system represents the most reactive S = 1 Fe!V=0 isolated to date. For example,
in the oxidation of cyclohexane at -40°C, [Fe!V((Me3NTB))(O)]** showed a
significantly higher second order rate constant (kp= 0.25 M! s!) than observed
for either [FelVY(Nypy)(O)]** (k= 0.000055 M s1) or [Fe!V(BnTPEN)(O)]**
(ko= 0.00039 M! s71) at 25°C.8! The fact that [Fe'V((Me3NTB))(O)]** displayed
significantly higher reactivity at lower temperature than any of the other

systems described above indicates that it is an extremely potent oxidant.
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1.4.2 Reactive S =2 Iron (IV) Model Complexes

The unprecedented reactivity of [Fe!V (Me3sNTB)(O)]** has been attributed to the
existence of a low-lying, highly reactive, S = 2 excited state.®? The reasons for
this postulated increased reactivity of high-spin species are discussed in more
detail below. On closer inspection of the well characterised enzymatic metal-
oxo intermediates, it is apparent that the species observed in nature exclusively
have S = 2 ground states. This has long led to the assumption that S = 2 states
are inherently more reactive, as they have been favoured by natural selection.
Consequently, significant effort has been devoted to developing S = 2 model

complexes.

Most of the S = 2 non-heme iron systems isolated to date have featured the tris(2-
aminoethyl)amine (tren) framework. These systems are of trigonal rather than
tetragonal symmetry; like those complexes discussed above. This causes the d,
and dxz_yz to become degenerate and favours electrons singly occupying these

orbitals, to give S = 2 systems, rather than pairing in the dy, orbital to give S =1
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Figure 1.8: High Spin, S = 2, Fe=O complexes.
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systems (vide supra).

Que and co-workers were the first to isolate and crystalographically
characterise such a system, utilising 2,2"-(((2-((bis (dimethylamino)methylene)
amino)ethyl)azanediyl) bis(ethane-2,1-diyl))bis (1,1,3,3-tetramethylguanidine)
(TMGgstren).  [Fe''(TMGgstren)(OTf)][OTf] was reacted with iodosyl benzene
to give [Fe!V(TMGstren)(0)]?*.83 This S = 2 complex was shown to react
with DHA and CHD via HAA although at a rate not appreciably different
to [Fe!V(TMC)(NCCHj3)(O)](OTf),. This lower than expected reactivity was
attributed to the high degree of steric shielding afforded to the Fe=O moiety by
the bulky tetramethylguanidine groups. In order to test this hypothesis, one of
the arms of TMGstren was removed to give 2’,2’-((methylazanediyl)bis(ethane-
2,1-diyl))bis(1,1,3,3-tetramethylguanidine) (TMGydien). The related complex
[Fe!Y(TMG,dien)(NCCH3)(O)]*>* was synthesised and shown to be significantly
more reactive than [Fe!Y(TMGstren)(O)]** in the oxidation of CHD and
DHA. [FelV(TMG,dien)(NCCHj3)(O)]** was also shown to be an order of
magnitude more reactive in these reactions than [Fe!¥ (TMC)(NCCH3)(O)](OTf),
and [Fe!V(Nypy)(O)]** but not as reactive as [Fe!V(MesNTB)(O)]*". This
suggests that while the spin state of these complexes is an important factor in
determining reactivity, steric and thermodynamic considerations regarding the
different ligand environments must also be taken into account.®* This sentiment
is further echoed in the work of both the Borovik and Chang groups. Chang and
co-workers have isolated the tren derived [FeIV(tpaPh(O))]' species and showed
that while it is capable of oxidisng CHD to give benzene, it does not react with
DHA or xanthene.® Similarly, Borovik and co-workers have shown that while
the S = 2 complex [Fell(Hzbuea)(O)]?* is reactive towards HAA, the bulky tert-
butyl groups sterically shield the metal-oxo moiety, tempering the reactivity.%
These examples once again demonstrate that steric accessibility to the metal-oxo

moiety is a key factor in promoting reactivity. Que and co-workers have also
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reported the synthesis and characterisation of [Fe!V(TQA)(NCCHj3)(O)]**.%”
This complex shows the highest rate of HAA towards cyclohexane (as well as
other more reactive hydrocarbons) to date, with k= 0.35 M1 st compared to
ky=0.25 M1 571 for [Fe'V(MesNTB)(O)]**. This data suggests thata S = 2 ground

state may be favourable in generating more reactive metal-oxo based oxidants.

1.4.3 Iron (V) Model Complexes
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Figure 1.9: Examples of FeV=0 complexes.

While the Fe'V=0O model complexes discussed above mimic the reactivity
observed in some non-haem enzymes, the mechanisms proposed for the
catalysts discussed in 1.3 as well as cytochrome P450 invoke Fe" oxidants. The

88 and

first FeV=0 model complex reported was by Collins and co-workers,
was supported by a tetra amido macrocyclic ligand (TAML) (Figure 1.9). The
high oxidation state of the metal is stabilised by the tetra anionic nature of
the ligand. Collins showed that [(TAML)FeV=0]" reacted as an electrophilic
oxidant with triphenylphosphine and thioanisole to give the corresponding
OAT products. Furthermore, it was shown to react with hydrocarbons such
as DHA, ethyl benzene and cyclohexane via HAA.88 A drawback of this
particular TAML system is that the complex is only stable between -60°C
and -40°C therefore the discovery of an FeV=0 complex based on the Biuret

containing TAML (Figure 1.9), which was stable at room temperature marked

a significant advancement. Again, the reactivity of the FeV=0O was investigated
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and the biuret containing TAML complex was found to be capable of oxidising

a range of hydrocarbons including cyclohexane.”

The exceptionally strong amido o-donor ligands of TAML are significantly
better at stabilising the Fe" oxidation state compared to the neutral polypyridyl
and/or amine ligand environments employed in both the iron based catalysts
and model complexes discussed above. Therefore, it is difficult to draw
direct comparisons between the reactivity of FeV vs. Fe!V oxidants or make
any mechanistic inferences with regards to the catalysts. ~An important
breakthrough therefore was the discovery of an FeV=O supported by
a neutral 3,6,9-trimethyl-3,6,9-triaza-1(2,6)-pyridinacyclodecaphane (PyNMej3)
ligand (Figure 1.9). Costas and co-workers showed how a putative
[FeV(PyNMej3)(O)]>* intermediate was capable of activating strong C-H bonds,
such as those in cyclohexane, at fast reaction rates. Remarkably, this complexes
showed the highest k, value; reacting with cyclohexane an order of magnitude
faster than the MesNTB complex and four orders of magnitude faster than
the TAML complexes shown in Figure 1.9. Unlike the TAML complexes, the
PyNMes; complex was shown to turnover catalytically. This complex was
shown to be site selective in substrates with multiple C-H bonds and also to
react with a high degree of stereoretention. This represents an incredibly elegant
example of model complex chemistry because the reactive intermediate was

able to be characterised and displayed highly selective reactivity.

To date, only a single example of an HO-FeV=0O exists. Using variable
temperature mass spectrometry, Costas and co-workers were able to identify
an HO-FeV=0 oxidant, like those invoked in the catalytic cycles of the iron
based oxidation catalysts.”! Structurally characterising such a species is one of

the challenges remaining in the field.
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1.4.4 Manganese Model Complexes

As well as non-haem iron model complexes, non-haem manganese-oxo models
have also been synthesised. In general, studies into these systems are
significantly more scarce than their iron counterparts; nevertheless there are

several examples that warrant discussion in this thesis.

As discussed above, the majority of the manganese based catalytic systems
invoke high-valent Mn"=0 as the active oxidant. Collins was the first to
report X-ray crystal structures of Mn"=0 species, generated from the reaction
of Mn" precursors with OAT reagents such as tert-butyl hydroperoxide.2
Both of these complexes were supported by TAML ligands, which aided in the
stabilisation of the high oxidation state of the metal. However, these complexes
showed no OAT reactivity towards any substrates and were remarkably stable
at room temperature. Collins subsequently showed that the addition of redox
inactive metal ions, such as zingc, to the reaction mixture drove these complexes
to react via OAT.?* O’Halloran and co-workers later showed that a similar tetra-
anionic ligand, 1,2-bis(2,2-diphenyl-2-hydroxyethanamido)benzene (HyPHAB),
was capable of forming the corresponding Mn-oxo complex, [[PHAB)Mn"=0]".
This complex was formed by the reaction of a dimanganese(IlI) precursor with
dioxygen and was subsequently shown to react via OAT with phosphines,
ethers and olefins.”> More recently, Nam and co-workers have reported
the synthesis of a MnV=0 supported by a TAML, by reaction of a Mn!!
precursor with a hydrocarbon in the presence of dioxygen. The metastable
MnY=0 was then shown to react with triphenyl phosphine.?® The Borovik
group have reported an intriguing series of complexes, based on their 1,1",1”-
(nitrilotris(ethane-2,1-diyl))tris(3-(tert-butyl)urea) (Hgbuea) ligand framework.

I

The formation of a Mn'~O complex was observed upon the reaction of a Mn'

precursor with dioxygen. This complex was shown to be reactive towards

26



substrates with weak C-H bonds such as DHA and CHD as well as hydrogen
atom donors such as 2,6-diisopropylpiperidin-1-ol (TEMPO-H).?” Interestingly,
the driving force of this reactivity has been identified as the high O-H BDE
of the [(Hzbuea)Mn'-OH]* product, which was also isolated. The Mn'-O
was then sequentially chemically oxidised to the corresponding Mn'V=0 and
MnY=0. The Mn'V=0 was found to be unreactive towards PPh; however,
oxidation of PMe,Ph was observed.”® While the reactivity (if any) of the
Mn"=0 is yet to be reported, its isolation represented the first example of
a high spin MnY=0, validating its inclusion as a reactive intermediate in
the catalytic cycles of enzymes.” The manganese-oxos described above are
all stabilised by powerfully electron donating ligands. Consequently, their
reactivity is tempered. However, there are also several reports of Mn'Y =0
stabilised by polypyridine ligands. For example Bn-TPEN and Nypy have
both been utilised to form reactive Mn'Y=0 species. [(N4py)Mr1IV(O)]2+
was shown to oxidise ethyl benzene.!® Interestingly, the corresponding [(Bn-
TPEN)Mn'Y(O)]?* complex was found to oxidise ethyl benzene at a rate
tive times faster than the Nypy analogue. [(Bn—TPEN)MnW(O)]2+ was also
found to react with cyclohexene, cyclohexane, benzyl alcohol, napthalene and
thioanisole; making it the most reactive Mn'Y(O) described to date.’® Nam
and co-workers have gone on to describe how the reactivity of both the
N4py species and the Bn-TPEN species can be tuned through the binding of
redox innocent lewis acids or triflic acid.!%271% With the exception of [(Bn-
TPEN)Mn'Y(0)]?*, Mn'Y(O) generally show significantly lower reactivity than

their iron counterparts i.e. they are only capable of activating weak C-H bonds.

The discussion of these manganese-oxo species has been limited to include non-
haem species in which the active oxidant has been proposed as a terminal metal-
oxo. A multitude of porphyrin based species have also been described in the

literature. In such species, a Mn"=0 is also postulated to act as an oxidant.
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While they are beyond the scope of this thesis, Talsi and Bryliakov have recently

published a comprehensive review on this subject. 1%
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1.5 The Oxo Wall

hydrogen helium
1 2
lithium beryllium borc b nitrogen yg fluorine ne
3 5 6 7 8 9 10
sodium, ‘magnesiu m aluminius m silicon ‘phosph If hlorine =
n 12 13 14 15 16 17 18
Na | M Al | Si| P | S |Cl|Ar
potassium ‘calcium scandium titanium ‘gallium ‘germaniu m | arsenic | sel lenium bromine krypt
19 20 21 22 0 31 32 33 34 35 36
K |[Ca| Sc| Ti - D Ga | Ge | As | Se | Br | Kr
rubidium strontium ‘yttrium| Zirconium niobium | molybdenum | technetium | ruthenium rhodium palladium silver cadmium indium tin ‘antimony ‘tellurium iodine xenon
37 38 39 40 41 42 43 44 45 46 47 48 49 50 51 52 53 54
85.468 87.62 88.906 91.224 92.906 95.96 (98] 101.07 10291 106.42 107.87 11241 114.82 1871 121.76 127.60 126,90 131.29
<<<<<< m barium ‘hafnium ‘tantalum tungsten rthenium ‘osmium’ ridium platinum gold ‘mercury ‘thallium lead bismuth ‘polonium astatine radon
55 56 72 73 74 75 76 77 78 79 80 81 82 83 84 85 86
Cs | Ba Hf [ Ta| W [Re |Os| Ir | Pt |Au|Hg | Tl |Pb | Bi | Po | At | Rn
13291 13733 178.49 180.95 183.84 186.21 190.23 192.22 195.08 196.97 200.59 204.38 207.2 208.98 [209] [210] 222
franciur m radium rutherfordium dubnium seaborgium bohrium hassiur m meitneriur im | darmstadtium | roentgenium
87 88 104 105 106 107 108 109 110 m
[223] (226] (261] 262] (266] [264] 2771 [268] 2711 2721

Figure 1.10: The oxo wall. Metal-oxos containing metals from groups 5-8 are numerous,
those from 9 onwards are not.

From the above discussion in section 1.4 it is evident that while metal-oxos
containing metals from groups 5-8 are numerous, those from 9 onwards are
not (Figure 1.10). In order to understand the reason for this it is necessary
to consider the molecular orbital approach to the bonding in these species,

developed by Ballhausen and Gray.

Fundamentally, an oxo ligand can be thought of as a water molecule bound to
a Lewis acidic metal, whose Bronsted acidity is, consequently increased to the
extent that both protons are lost.% The resultant oxo ligand is formally O*~ and
a highly electronegative ¢ donor. The metal-oxo moiety can be significantly
stabilised through = donation of the orthogonal lone pairs on O into the
molecular orbitals of appropriate symmetry; forming a metal oxygen triple
bond. The relative stability of this metal-oxygen bond is therefore inherently

linked to the ligand field around the metal centre. 107108
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Figure 1.11: Metal-oxo Ligand Field Diagram for (A) tetragonal ligand field, (B)
trigonal-bipyramidal ligand field and (C) tetrahedral ligand field.

A simple ligand field diagram for metal-oxo species in an octahedral
environment can be derived by replacing an axial ligand of an octahedron
with an 0?1010 As this newly introduced metal-oxygen bond is short,
the degeneracy of the five d-orbitals is lost relative to the octahedral parent.
Consequently, orbitals with a z-component are raised in energy while those
without a z-component are lowered in energy. Standard ligand field
considerations can then be applied to give the relative energies of the orbitals in

other ligand fields.

In this model, the bonding orbitals are considered to be filled by the s and p
electrons from both the metal and oxygen atoms, giving a formal metal-oxygen
bond order of three. This metal-oxygen bond is formed through interaction
of the O p; and the metal d_, orbitals to give a c bond and a © bond is formed
through interaction of the O py and Py orbitals with the metal d,, and dyz orbitals.
Therefore, although the dxz_yz and d,, orbitals are formally c" antibonding with
respect to the equatorial ligands, they are non-bonding with respect to the metal

oxygen bond. The remaining non-bonding and anti-bonding orbitals depicted
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in Figure 1.11 are then populated only after the addition of d-electrons. Thus,

d-electron count directly influences metal-oxygen bond order.

1.5.1 Metal-Oxos in a Tetragonal Ligand Field and The Oxo
Wall

Figure 1.11A shows a metal-oxo in a tetragonal field. This diagram is derived
as discussed above. The (dy, dy; and d2) are raised in energy relative to the

octahedral parent whereas the (d,._ . and dy,) are lowered in energy. Thus, it is

xz—y
apparent from Figure 1.11 that a metal-oxygen bond order of three is maintained
for d? configurations as the first two d-electrons populate non-bonding orbitals.

However, addition of two further d-electrons populates the anti-bonding d,, and

dy, orbitals, reducing the metal-oxygen bond order to two.

This logic has given rise to the concept of an ‘oxo wall” which states that metal-
oxos in a tetragonal ligand field are stable only up to a d-electron count of
4. Configurations of d>* lead to the loss of any metal-oxygen multiple bond
character. This results in highly basic M-O moieties which are exceptionally
susceptible to attack by protons or electrophiles. Therefore, as we traverse the
transition metals, and add more d-electrons to the system, the metal-oxo units
become progressively more unstable. The higher oxidation states that would be
required to stabilise these metal-oxos become progressively more unattainable

thus explaining the dearth of metal-oxos from group 9 onwards.

1.5.2 Metal-Oxos in a Trigonal Bipyramidal Ligand Field

Several of the model complexes discussed in 1.4 adopt trigonal bipyramidal
geometry. Extending the oxo-wall logic to these systems (Figure 1.11B) allows

us to arrive at the conclusion that we would expect only low spin d=2 and high
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spin d* metal-oxo complexes to be stable. This principle was used by Que and

co-workers to synthesise the first S = 2 Fe=0, which has a d* configuration.%3

1.5.3 Metal-Oxos in a Tetrahedral Ligand Field

Figure 1.11C shows the interesting case of a tetrahedral ligand field. Lowering
the coordination number of the metal to four (compared to six) in the parent
octahedral complex frees up orbitals that were previously involved in bonding
with the equatorial ligands. Consequently, the lowest lying orbitals are a
pair of degenerate non-bonding orbitals (dxz_yz and d.y). These orbitals can
accommodate four d-electrons without destabilising the metal-oxygen triple
bond. Therefore, configurations of up to d=° are predicted to be stable in a
tetrahedral ligand field. Interestingly, experimental results have shown that
the antibonding nature of the d,» orbital can be significantly mitigated through
mixing with the 4s and 4p; orbital. ! This has led Ray to conclude that the d_,
can be considered non-bonding. This implies that d-electron counts of up to

eight can be tolerated in a tetrahedral ligand field.!%”

Based on this argument, we hypothesise that by enforcing a tetrahedral co-
ordination environment around the metal centre, we will be able to stabilise
transition metal-oxos with high d-electron counts i.e. we will be able to form

late transition metal-oxos.

1.5.4 Why Hurdle the Oxo-Wall

In section 1.1, the potential utility of selective hydrocarbon oxidation was
outlined. In summary, the facile and selective oxidation of hydrocarbons is
still something which eludes chemists. In section 1.2, it was demonstrated that

enzymes are capable of utilising high-valent metal-oxos to activate some of the
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Figure 1.12: Factors that determine the reactivity of metal-oxo species. a) A general
reaction scheme for the hydroxylation of a hydrocarbon via HAA; b) A general scheme
illustrating the relationship of the reduction potential of the metal, pKa of the oxo ligand
and the BDEq.y of the reduced hydroxo product; c) A schematic representation of the
driving force for HAA reactions.

strongest C-H bonds. Inspired by this, chemists have synthesised a library of
model complexes, described in 1.4, which have been shown to activate C-H
bonds such as those in cyclohexane, via HAA. We believe that this reactivity
can be improved upon and stronger C-H bonds can be activated utilising metal-
oxos. In order to rationalise how this could be achieved. We must consider the

factors which effect HA A reactions.

A general scheme for the hydroxylation of a C-H bond through HAA by a
metal-oxo is shown in Figure 1.12a. The hydrogen atom is abstracted by the
M=0O intermediate. The resulting hydroxo product then rebounds with the
alkyl radical to form the hydroxylated product. HAA reactions fall into a class
of reactions known as proton coupled electron transfer (PCET).!2113 In these
reactions, the transfer of the proton and electron (i.e. a hydrogen atom) is a

concerted process. For transition metal based oxidants such as metal-oxos, the
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electron is transferred to the metal centre and the proton is transferred to a basic
ligand. Therefore, both the reduction potential of the metal and the pKa of
the hydroxo group are important in determining the rate of PCET. Extensive
studies by the Mayer group have shown that these quantities can be related by
box diagrams such as those shown in figure Figure 1.12b. Importantly, Mayer
has shown that the main factor governing HAA reactivity is the thermodynamic
driving force i.e. the free energy of the reaction. Furthermore, it has been shown
experimentally that this quantity can be directly related to the difference in BDE
of the C-H bond in the reactants versus the O-H bond in the product.!!>113
Therefore in order to activate stronger C-H bonds, we must form stronger O-
H bonds. 2114 Based on the box diagram in Figure 1.12b, in order to form a
stronger O-H bond, we must engineer a metal-oxo in which the metal centre is

highly oxidising and the reduced form is highly basic.

These are properties we would expect of late transition metal-oxos.!!> As we
traverse the transition metals from left to right, the ionisation energies of each
atom increases as a result of increasing effective nuclear charge. This manifests
in an increase in oxidation potential and means higher oxidation states are more
unstable in late first row transition metal complexes i.e. these metal centres
are highly oxidising. Furthermore, we believe that by increasing the d-electron
count in metal-oxo species, we will further polarise the metal-oxygen bond as
the increased population of the antibonding orbitals will lead to lengthening
of the bond and an increase electron density located on the oxygen atom. We
hypothesise that this will increase the basicity of the oxo ligand consequently

forming a less acidic M™!-OH product with a higher O-H BDE.

Other theories regarding the reactivity of late transition metal-oxos have been
proposed. Of particular note is the theory of exchange enhanced reactivity
developed by Shaik. %117 This theory proposes that metal-oxos with high spin

ground states are more reactive towards HAA as the number of exchange
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interactions between unpaired electrons is higher, compared to low spin
systems, increasing the relative stability of the high spin transition state. This
concept has been extended to low spin systems with accessible high spin excited
states such as the MesNTB complex discussed above. Similarly, Solomon has
proposed that frontier molecular orbitals and consequently sterics play a key
role in influencing HAA reactivity. ' While both of these concepts may indeed
be applicable in predicting the reactivity of transition metal oxo complexes, we
believe that these differences are minor when compared to the thermodynamic
driving force. As Mayer argues, while these factors are important, they
merely contribute to the reaction barrier, and therefore indirectly influence the
reactivity of transition metal-oxo complexes. To summarise, we believe that
by hurdling the oxo-wall and synthesising late transition metal-oxos, we will

generate extremely potent oxidants.
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1.6 Beyond the Oxo Wall

As the discussion of the oxo wall (vide supra) implies, reports of elements
multiply bonded to late transition metals are rare. However, there are several

noteworthy examples in the literature which warrant consideration here.

1.6.1 Metal-Oxos Beyond the Wall

O Na 0
| 1Ll Il
_\-I!zel _\\.“A_e\ | /IIII‘V,,MeS
— - Mes \Mes
Re'=0 Re!'=0 IrV=0

Figure 1.13: Metal-oxos beyond the oxo-wall. Re' and Rel oxos reported by
Mayer, 119120 as well as the IrV=O reported by Hay-Motherwell!*! which appear to
violate the concept of the oxo-wall.

Mayer and co-workers have reported a d® Re'=O (Figure 1.13).11° The Re=O
unit is stabilised as the molecule adopts approximate threefold symmetry i.e.
it is not tetragonal. Furthermore, the metal d-orbitals engage in a significant
backbonding interaction with the supporting alkyne ligands, stabilising the
M=0bond. A d° Re™=0 has also been reported in a similar ligand environment
(Figure 1.13).120 Additionally, Hay-Motherwell and co-workers have reported
the synthesis of a stable Ir'=0 complex (Figure 1.13).'?! In this instance, the
unusually high oxidation state of iridium supported by the strongly electron
donating mesityl groups; as well as the pseudo-tetrahedral adopted by the
complex help to stabilise the Ir¥ unit. Borovik has reported the synthesis
of the intriguing [Fe''(Hzbuea)(O)]*, already discussed in section 1.4.2.86

Formally Fe', this complex therefore has a d® configuration. Analysis of the

X-ray structure of this complex showed a particularly long Fe-O bond length,
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interpreted as a metal-oxygen bond order of one. This suggested that the high d-
electron count was significantly stabilised by hydrogen bonding to the adjacent
urea groups. Also of note is a [Cu™=0] species observed in the gas phase and

shown to react with alkanes such as ethane. 1?2

] BFy

P(tBU)Q
PtV=0

NM92

Figure 1.14: A Pt'V=0. An example of a terminal late transition metal-oxo whose
stability is owed primarily to the low coordination number of the ligand.!?3

Perhaps the most interesting report of a late transition metal-oxo is Milsteins
d°® [NCP(PtV=0)] complex (Figure 1.14).12% Importantly, unlike those discussed
above, this complex is not stabilised by powerful electron donating or
withdrawing ligands. Computational studies have suggested that the high
stability of the Pt=O bond in this complex is a result of significant delocalisation
of electron density from the compact 5d-orbitals to the more diffuse 6s and
6p orbitals. These findings are in agreement with NMR data obtained for the
complex in which the Pt signal is relatively downfield, indicating a loss
of electron density around the metal centre. This terminal oxo is stable at
room temperature and shows the expected reactivity patterns of a terminal oxo
although it is not reactive towards strong C-H bonds. Crucially, this provides
an example of a terminal late transition metal-oxo whose stability is owed

primarily to the low coordination number of the ligand.

1.6.2 ”Scandium-Capped” Metal-Oxos

Several reports have emerged in the literature of redox inactive Lewis acidic

metal ions, such as Sc*, bound to metal-oxos. It has been postulated that
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addition of these metal ions are capable of stabilising late transition metal-
oxos through Lewis acid type interactions with the oxygen atom of the
oxo moiety. Based on this principle, Ray and co-workers have reported
a complex formulated as [(TMthren)CoIV—O-SC] which they describe as a
scandium capped oxo, implying no covalent interaction between the oxygen
and scandium atoms.!?* This complex was shown to undergo OAT reactions
with PPhy and HAA reactions with DHA. The oxidation state of the cobalt was
assigned based primarily on electron paramagnetic resonance (EPR). A later

report by Borovik and co-workers suggested that this data better fit a Co™

t.1% The Ray group reported a second scandium capped Co'V=0O

assignmen
utilising a TAML ligand.'?® Again this complex was shown to perform OAT
and HAA reactivity. While both of these complexes have been assigned as
Co'V—0-Sc species the EPR data reported by Borovik, suggests that they

are better assigned as Co'

—O—Sc i.e. bimetallic species; with the scandium
formally bonded to the oxygen atom. Thus, to date, there are no reports of late

first row transition metal-oxos.

1.6.3 Metal-Oxygen Adducts
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Figure 1.15: Metal-oxygen adducts. Tolmans [Cu"—OH], McDonalds Ni"'-OCO,H

and Companys Ni'—O" have all shown reactivity towards hydrocarbons. 127-132

Recently, several groups have reported the synthesis of late transition metal

oxygen adducts. All of these complexes have been supported by a dianionic
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dicarboxamide ligands, which posses N™ donor atoms. These strong c-donors

help in stabilising the high oxidation states of the metals.

The first of these complexes isolated was Tolmans [CuHI—OH](Figure 1.15),
which was shown to react rapidly via HAA with phenols and DHA.127-130
Remarkably, the HAA reactivity of this complex is comparable to the most
reactive terminal metal-oxos reported. This high reactivity was later ascribed

to the high BDE (90 kcal mol™?) of the O-H bond formed after HAA.1%°

There have also been reports of nickel oxygen adducts in the literature. The Ray
group have described the formation of, what they assign to be, a Ni''=O(H)
species which is capable of oxidising PPh; and abstracting a hydrogen atom
from DHA.!3® Although the reactivity profile of this compound reflects what
would be expected of a terminal nickel-oxo, structural characterisation of this
complex is lacking. While the EPR spectrum confirmed the assignment of the
Ni! oxidation state, it also showed that a mixture of two compounds was
present. Furthermore, there is no data to suggest that the oxygen atom is in fact
coordinated to the metal as the assignment of the Ni''~O(H) core was based

mainly on evidence obtained from mass spectrometry.

Within our group, we have reported the synthesis of a Ni''~OCO,H complex
(Figure 1.15).13! This was achieved through the one electron chemical oxidation
of a well-characterised Ni''=OCO,H precursor. This complex was shown to
react with substrates with weak C-H bonds such as phenols as well as oxidising
PPh,. However, Ni''=OCO,H did not react with C-H bonds. This Ni'! complex
was well characterised. Extended x-ray absorption fine structure (EXAFS) data
collected indicated that the Ni centre remained four coordinate after oxidation
and that the primary coordination sphere comprised of N or O donor atoms.
DFT calculations supported the assignment as Ni""—OCO,H, indicating that the

bicarbonate was likely to stay bound in a monodentate fashion and the complex
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likely to remain square planar. The assignment of a square planar geometry

was also supported by the axial EPR signal, which also confirmed the unpaired

electron was located on the metal. Interestingly, recent unpublished results
il

suggest that an analogous acetate complex Ni~ —OAc is remarkably reactive

towards C-H bonds.

Finally, Company and co-workers have reported the synthesis of a complex

m_o (Figure 1.15).132 This complex was formed through

formulated as a Ni
the reaction of a Ni"l precursor with mCPBA. Observation of meta-chlorobenzoic
acid as the reaction product suggests that O-O bond scission, after coordination
of mCPBA, is heterolytic. This would result in the formation of a Ni-oxygen
adduct. X-ray absorption near edge spectroscopy (XANES) suggests that
this EPR silent adduct is best assigned as Ni'l while EXAFS supports the

I

assignment as a Ni'" —O’, with antiferromagnetic coupling of the d” centre with

the oxyl radical accounting for the EPR silence. Importantly, resonance Raman

_0O* was shown to

spectroscopy suggests the presence of a Ni-O bond. Ni
be able to oxidise alkenes, sulphides and C-H bonds (xanthene, DHA and

fluorene).

The above discussion highlights the fact that metal-oxygen adducts of the type
M-O(X) (where M=Ni,Cu, X= H, OCO,H) are reactive towards hydrocarbons,
despite the fact that the oxygen atom is involved in a covalent bond with
another non-metal atom therefore is not a true terminal-oxo. This is particularly

III—OH], where the rates of oxidation are

true in the case of Tolmans [Cu
comparable to previously reported terminal oxos. This suggests that should
late transition metal-oxos be isolable, one would expect them to be exceptionally

potent oxidants. Therefore, late first-row transition metal oxos are key synthetic

targets in this field of study.
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1.6.4 Copper Model Complexes

Fully characterised, stable, terminal copper-oxos are absent from the literature.
Despite this, several model systems have provided a glimpse at the oxidising
power of terminal copper-oxos. Of particular note is the zeolite Cu-
ZSM-5 which has been shown to contain a well-defined copper active site
and is capable of selectively oxidising methane to methanol.!® Vibrational
spectroscopy was extensively used to identify the active species as a [Cu-O-Cul]
core. '3 DFT calculations have ascribed this remarkable reactivity to two factors.
The first is that the [Cu-O-Cu] core is polarised towards a highly reactive Cu*O™
(i.e. an oxyl species). The second is that a strong O-H bond ( 90 kcal mol(-1))
is formed in the [Cu-OH-Cu] intermediate generated after HAA, providing a

strong driving force for the reaction (vide infra).'3

These results give a tantalising glimpse into what could potentially be achieved
using late transition metal based oxidants. In particular, they suggest that
terminal copper-oxos are exceptionally potent oxidants. Therefore in order to
methodically probe the reactivity of these species it is imperative that systems

are developed which allow for their isolation.

1.6.5 Late Transition Metal Imido Complexes

A number of low coordinate late transition metal imido complexes have been
reported in the literature. These complexes warrant special consideration as
they are valence isoelectronic to a metal-oxo. That is to say that the same orbitals
involved in forming M=0O multiple bonds are also involved in forming M=N-
R bonds. Quantitatively, the splitting of the d-orbitals affected by an oxo is
expected to be the same as an imido.!?” Therefore the same criteria for stability

discussed above applies. Notably, Colll 137-144 o1V 145146 N\jill 147-150 g Cy!
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imidos have all been prepared utilising low-coordinate ligands. Importantly,
structural analysis shows that the tetrahedral, de, Co'll-imidos maintain a metal-
nitrogen multiple bond despite the fact the antibonding d,. orbital is fully
occupied. This illustrates practically that the d. orbital can be considered
non-bonding. Furthermore, Ni'l and Cu'™ imidos both feature the d8 electron

11

count expected for a Cu™ oxo. This clearly illustrates that high d-electron count

systems can be stabilised should an appropriate ligand system be identified.
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1.7 Tridentate Ligands

As the above discussion in sections 1.5 and 1.6 discuss, we hypothesise
that late transition metal-oxos will be stabilised in a tetrahedral coordination
environment with a coordination sphere containing strong c-donor atoms. As
such, we surveyed the literature to assess appropriate ligand candidates. From
the outset, this survey was limited to N-donor ligands, and alternatives such
as phosphines and alkoxides were ruled out. N-donor sets have important
advantages over these systems. Firstly, they are oxidatively robust and would
not be oxidised should a metal-oxo be generated in close proximity. This is
in stark contrast to phosphines, which are readily oxidised, hence their use
as a substrate to assess oxidative reactivity (vide supra). Secondly, they are
synthetically more versatile and can be readily derivitised to tune steric bulk or
electronic properties, unlike alkoxides for example. The use of N-donor ligands
has a phenomenal precedence in the biomimetic field, as is clear to see from the

above discussion, because of these properties.

1.7.1 Triaza- Macrocycles

As the TMC framework has been remarkably successful in stabilising an array
of metal-oxo species,® a logical starting point was tridentate analogues, such as
1,4,7-triazacyclononane (TACN) or 1,5,9-triazacyclododecane (TACDD). Studies
detailing the coordination chemistry of TACN are numerous. This highly basic
family of ligands forms extremely kinetically stable complexes owing to the
mesocyclic nature of the ligand. Within the biomimetic field, the Tolman
group showed that while 1:1 ligand to metal complexes could be synthesised
using various alkylated derivatives of TACN, oxo-bridged dimers were quick

to form upon reaction with O,.!>® This is due to the fact that the metal sits
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a)

)151

Figure 1.16: Representative crystal structures of Cu' complexes of TACN (a)'®! and
TACDD (b).2 Ellipsoids are shown at 50% and counter ions have been omitted for
clarity. c) and d) show the chemdraw representations of a) and b) respectively.

out of the NNN plane, therefore the putative oxo intermediate is not sterically
protected and free to react. Recently, the Scarborough group have reported
the introduction of t-butyl and adamantane substituted TACN and the related
complexes.’® Once again, while these ligands can form 1:1 complexes on
binding a metal, 2:1 di-copper peroxo species on exposure to O,.>* This clearly
demonstrates that TACN derived ligands are unsuitable for our purpose as
they form 2:1 complexes upon oxidation, regardless of the bulk of the N-alkyl
substituent. One potential strategy to combat this is to expand the ring size.
This allows for the metal to sit closer to the NNN plane, as is the case in TACDD
derived ligands. The Tolman group has exemplified this through synthesising a
10 and 12 membered triazamacrocycles. Although the 10 membered ligands

gave similar results to TACN complexes, an interesting result was obtained
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in the case of the Cu! TACDD complex. The Cu' centre was found to be in
a 3-coordinate, pyramidal geometry, compared to distorted tetrahedral found
for the Cu' complex of TACN.'%2 The lack of reactivity of this complex with
O, was attributed to the high redox potential of the Cu' centre due to the fact
that the pyramidal coordination geometry greatly favours Cu' over Cu'. This
highlighted the fact that the metal centre must still be accessible or else reactivity
may be lost altogether. The only other structure in the Cambridge structural
database of TACDD is that of a tetrahedral Zn"-OH complex. Encouragingly,
in this instance the zinc centre was found to be in a tetrahedral coordination
environment, with the supporting ligand being identified as a particularly good

o-donor. 195

1.7.2 Diazacyclooctane and Derivatives

Figure 1.17: a) Chemdraw representation of a [Cu(daco),]** complex. b) Representative
crystal structure of a cu"" DACO complex.'® Ellipsoids are shown at the 50%
probability level, counter ions are omitted for clarity.

After considering the above reports, we were convinced that pursuing a meso-
/macrocyclic framework would provide a kinetically robust ligand platform
for the synthesis of late-transition metal-oxos. This was further enforced by
studies on a mesocyclic, tetrahedral Cu' complex by the Itoh group, which
formed an isolable end-on superoxo on reaction with O,.1%71¢0 To date, this
system has not been able to stabilise a metal-oxo species, most likely due to

the metal-binding pocket being relatively exposed and the ligand framework
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susceptible to oxidation. The supporting ligand in this work was derived from

the diazamesocycle 1,5-diazacyclooctane (DACO).

DACO possesses several properties which make it an excellent ligand.!6!
Firstly, The nitrogen atoms in these systems are particularly strong o-donors,
owing to the high directionality of the lone pairs. Secondly, the formation of
two six-membered chelate rings upon coordination giving rise to kinetically
stable complexes. The unique coordination chemistry of DACO has been
well studied.'®! Reaction of Ni'' and Cu" salts with DACO has been shown
to generate the corresponding, square planar complexes of the general
formula [M(DACO),]?+.1%6:162 In contrast, [Co™(Cl)(DACO),]** displayed a 5-
coordinate square pyramidal structure.'®® Analysis of the crystal structures
of these complexes showed that, in all cases, both of the coordinated DACO
ligands were bound to the metal with the ligand displaying a boat-chair
configuration. The boat-chair configuration is defined by metal coordination
that results in the formation of two six membered chelate rings (containing the
metal atom, the two donor atoms and one of the propylene linkers, Figure 1.18).
One of these rings adopts a boat configuration while the other adopts a chair
configuration. Importantly, this means that the methylene groups at the three
and/or seven positions are ideally located to prevent the coordination of
ligands along the z-axis. Consequently, DACO is ideally suited to forming low

coordinate complexes.

The DACO framework is also readily functionalised. In order to introduce
pendant arms containing ligating functional groups, several derivatives
of DACO have been developed, almost exclusively through N-alkylation.
Square pyramidal Ni!, Co and Zn" complexes of 1,5-diazacyclooctane-N,N-
diacetic acid (DACODA) were synthesized by Legg and co-workers. 164166

Darensbourg and co-workers synthesized bis-mercaptoethyl, (2-mercaptoethyl)-

1,5-diazacyclooactane (bme-DACO).716% Unusually, this square planar
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Figure 1.18: The Boat Chair Conformation of 1,5-diazacyclooctane. An Illustration of
the boat fragment is shown in red while the chair fragment is shown in blue.

N,S, coordination environment places the 1,5-DACO ring in a boat-boat
conformation. Alkylation of the S-donor atoms with methyl iodide results in
the formation of the usual boat-chair conformation. Halfen and co-workers
have reported Fe- and Mn- complexes of the N,N-pyridyl-substituted derivative
N,N-bis(2-pyridyl)-1,5-diazacycloactane (DACOpy>).17%172 A mono-N-pyridy],
tridentate analogue was also developed by the same group with the capability
to form mono- and bi- nuclear Cu" complexes.!”® Crucially, these complexes
demonstrate that DACO can be readily N-functionalised and importantly,
this generally has little effect on the coordination conformation of the ligand
i.e. coordination along the z-axis is still restricted and the formation of low-

coordinate complexes is preferred.

1.7.3 1,1,1-Tris(aminomethyl)ethane and Derivatives

/
N
-~ N
HoN >N~ NONT g// v
2 / \ N —N
HzN\V’i/NHz —N ! Ne /\<\N R //\’*N/
- \7'\/ \‘TV \
TAME MegTAME guanTAME

Figure 1.19: Chemdraw representations of TAME, Me,TAME and guanTAME.
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As is the case with Itoh’s Cu' complex described above, N-functionalisation
of DACO fails to produce complexes with sufficient steric bulk or oxidative
robustness to stabilise highly oxidising intermediates. Without N-alkylation,
2:1 complexes are formed. Notwithstanding, the DACO framework is a highly
desirable moiety to incorporate into our ligand design. Therefore we decided to
explore the possibility of functionalising this framework at the three (or seven)
position. To this end, a simple scifinder search for tripoal triamines pointed us

in the direction of 1,1,1-tris(aminomethyl)ethane (TAME).

The coordination chemistry of TAME (Figure 1.19) and its derivatives has
been extensively studied. Due to the lack of steric bulk in this ligand, 2:1
complexes are often formed. Increasing the steric bulk via alkylation of the
amine donors in TAME to give 1,1,1-tris(N,N-dimethylamino)methylethane
(MegTAME) (Figure 1.19) resulted in the ligand switching from binding
to metals in a tripodal tridentate fashion, to a bidentate binding mode,
with one of the ligands remaining unbound.!”* Similarly, the more bulky
guanidine derivative of TAME, 1,1,1-tris(2N- 1,1,3,3-tetramethylguanidino)
methylethane (guanTAME) (Figure 1.19) has been shown to exhibit variable
denticity. While Chang and co-workers have isolated the pseudo-tetrahedral
complex [Co(guanTAME)CI]J(OTf) (OTf = trifuoromethanesulfonate) where
guanTAME binds as a tripodal facially capping ligand,!”> Wittmann and co-
workers have reported a bidentate binding mode for guanTAME in both
[Mn(guanTAME)(Cl);] and both [Zn(guanTAME)(Cl);], with the remaining
ligand arm unbound in both cases.!’® This variable denticity of TAME and
guanTAME is highly undesirable and, we believe, is a factor which needs to

be addressed before such ligands will achieve a consistent denticity.
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1.8 Conclusions

Developing the ability to selectively bring about the facile oxidation of aliphatic
hydrocarbons is one of the grand challenges facing chemists. Reactions of this
type would be of phenomenal environmental and economic importance as it
would provide new avenues to important chemical feedstocks as well as allow

for the more efficient utilisation of natural feedstocks such as methane.

Studies on a plethora of enzymatic systems have shown that nature can achieve
the selective functionalisation of hydrocarbons under ambient conditions,
most notably the methane monooxygenase (MMO) family of enzymes is
capable of oxidising the incredibly strong bond in methane to form methanol.
Furthermore, it is increasingly apparent that metal-oxos are the reactive
intermediates responsible for this functionalisation. A growing number of
biomimetic catalytic systems have been developed that can oxidise C-H bonds
with predictable reactivity and selectivity. However they are currently limited
by the strength of the bonds which they can activate. In order to further
our understanding of these natural and synthetic catalytic systems, a library
of metal-oxo model complexes have been developed. These complexes have
been shown to oxidise strong C-H bonds such as those in cyclohexane but
to date have not been able to activate the strongest of C-H bonds such as
those in methane. In general, these complexes are supported by polyamine or
polypyridyl ligands, with the metal centres in tetragonal symmetry. A direct
consequence of this is the problem which has been dubbed the oxo-wall for
tetragonal symmetry. Using ligand field theory this concept predicts that in
tetragonal symmetry, metal-oxos with a d-electron count greater than 4 (or 5 in
high spin systems) will be unstable. This idea is used to explain the absence
of late transition metal-oxos containing Co, Ni or Cu; as these metals possess

unstable d-electron configurations, even in high oxidation states.
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Late transition metal-oxos are of great interest to us as we believe that they
will be incredibly potent oxidants. This is based on Mayers theory that the
thermodynamic driving force is strongly correlated to the strength of the O-H
bond formed after HAA by the metal-oxo in these reactions. This determines
the strength of the C-H bond which can be oxidised. We would expect the
O-H bonds formed by late transition-metal oxos to be particularly strong as
the metal centres are highly oxidising and the reduced M-OH products are less
acidic. Therefore these species should be capable of oxidising the strongest of
C-H bonds. The strong oxidising ability of late transition metal oxygen adducts
has already been hinted at through a variety of Ni and Cu model complexes.
Furthermore, the strategy we propose to employ to stabilise these species, the
enforcement of a pseudo-tetrahedral ligand field, has already been demonstrated

to stabilise the valence isoelectronic metal-imido species.
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1.9 Aims

The aim of this project was to investigate the factors that effect the reactivity of
late transition metal-oxo species. By identifying the relevant structure/function
relationships, we envisioned being able to guide the design of the next
generation of hydrocarbon oxidation catalysts towards the activation of
stronger C-H bonds. In pursuit of this goal, we identified late transition metal-
oxos as our key synthetic targets. We then sought to identify a ligand framework
which would allow us to stabilise these late transition metal-oxo species. This
ligand must be tripodal, tridentate and oxidatively robust. Additionally, the
ligand should possess strong c-donor atoms. Consequently, we have identified
aliphatic, alkyl amine species as ideal targets. After surveying the literature, we
were unsatisfied that existing ligands that meet this criteria would be sufficient
for our needs. Therefore, we set ourselves the challenge of synthesising a ligand
which would stabilise late transition metal-oxo species (Figure 2.1, 1). This
compromised the key short term goals of our project, which forms the basis
of this thesis. We have designed the ligand framework 1 which we believe
meets all the necessary criteria we have outlined within this introduction.
Furthermore, we have incorporated a mesocyclic structural motif which we

believe will overcome the issues traditionally associated with tridentate ligands.

R . R 9@ -
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1

Figure 1.20: Left) A chemdraw representation of the target ligand 1. Right) A generic
tetrahedral metal-oxo.
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The aims of this project can be summarised as follows:

* To pursue versatile synthetic routes towards the synthesis of the target

ligand framework, 1.

* To explore the coordination chemistry of the ligands developed with late

first row transition metals.

¢ To optimise the design of the ligand based on our coordination chemistry

investigations.

We aimed to scout synthetic routes to four target molecules (Figure 1.21), which
are derivatives of 1. Synthesis of 2 and the subsequent investigation of its
coordination chemistry gave an indication of the effect of the DACO ring on the
coordination behaviour of this system. This allowed us to compare 2 against
TAME and therefore, evaluate our ligand design. We also aimed to alkylate
2 to give 3 and 4. This increased the steric bulk associated with the ligand

framework (1) whilst also increasing the o-donor strength of the ligand. Finally,

HN  NH —N  N—
S NH, N
2 3
/- N
Ph N
N">Ph '\bﬁ
Sph
4 5

Figure 1.21: Chemdraw representations of the key synthetic targets of this thesis.
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we aimed to isolate the tricyclic macrocycle 5 which we anticipated would act
as an excellent chelating ligand. By isolating these target ligands, we aimed to
study their coordination chemistry with first row transition metals in order to
determine the structural factors that dictate complex formation. This will guide

us in our overall goal of isolating a late transition metal-oxo.
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Chapter 2

Synthesis and Characterisation of a
Mesocyclic Tripodal Triamine

Ligand

Publications resulting from work in this Chapter: Andrew D. Ure, Isabel Abnades

Lzaro, Michelle Cotter, Aidan R. McDonald, Org. Biomol. Chem., 2016, 14, 483-494
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2.1 Introduction

It has been postulated that late transition metal-oxos would be stabilised in a pseudo-
tetrahedral ligand field and therefore, we have set ourselves the goal of synthesising
a ligand capable of stabilising such a species. We have outlined several criteria which
this ligand should meet. First of all, the ligand must be tripodal and facially capping,
so as to enforce a pseudo-tetrahedral coordination environment. Secondly, the ligand
must contain strong o-donors in order to stabilise the anticipated high oxidation states
at transition metal-oxo centres. Furthermore, it is crucial that the donor atoms as well
as the ligand skeleton are oxidatively robust, so as to maintain the structural integrity
of the desired designed complex in what would potentially be a highly oxidising

environment. For this reason, we focused our attention on tertiary amine donor atoms.

Meso- and macrocyclic, peralkylated amine ligands have been used to great success
in stabilizing early transition metal-oxo complexes (metal = Mn, Fe),80177-181 and
late transition metal-superoxide and -peroxide complexes.!>-160.182-186 Nego- and
macrocyclic frameworks add further stability to complexes bearing these ligands,
because of the macrocyclic effect. 187 Based on these considerations, we set out to
prepare mesocyclic 1 (Figure 2.1), which meets all of the above criteria. 1 can be
considered as a hybrid of the triamine 1,1,1-tris(aminomethyl)ethane (TAME) and 1,5-
diazacyclooctane (DACO) frameworks. We postulate that the mesocyclic nature of
1 and the steric bulk around the putative metal-binding site will ensure 1 would

bind in a tridentate fashion yielding 1:1 complexes. Furthermore, we envisioned that

O
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~
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Figure 2.1: Left) The target ligand framework for this thesis. 1 is tripodal, tridentate
and contains strong c-donor atoms. R = H, alkyl group. Right) A generic tetrahedral
metal-oxo complex which is the ultimate synthetic target of this work.
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introducing a third donor atom to DACO at the 3-position of the DACO ring, rather
than through N-alkylation, would present several benefits. Firstly, introduction of
ligating functionalities at the 3-position would ensure a facially capping ligand (and
a pseudo-tetrahedral complex), whereas N-alkylated derivatives of DACO are mainly
meridional binders. Secondly, organic functionalities can be readily introduced through
N-alkylation in 1, allowing us to readily modulate the electronic and steric properties

of the triamine 1.
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2.2 Synthesis of 1,5-Diazacyclooctane Derivatives

Route A
R
NH N3 HO. \ O
< + TSO\/L/OTS = ; HO\;% O\Jt
NH N3 N3
R
H Route B

R R 3 R
N H N N NH OTs
N, K6 —— f—
< ></ H < ></ N3 < ></ OTs —— < + TSO\/{/\/ OTs
fl\l N N NH
| | |
R R R R

Figure 2.2: Retrosynthetic anaylsis of target ligand framework, 1. Route A shows
how the exo-cyclic arm of 1 may be independently addressed. Route B shows how
initial formation of the 1,5-diazacyclooctane ring could be followed by exo-cyclic
functionalisation. R = p-tolylsulphonyl

Reterosynthetic analysis of our target ligand framework identified two possible routes
to the synthesis (Figure 2.2). In the first of these, route A, (Figure 2.2) we envisioned
first selectively addressing the exo-cyclic arm of the ligand before forming the 1,5-
diazamesocyclic ring. In the second of these, route B, (Figure 2.2) we envisioned first
forming the 1,5-diazamesocyclic ring fragment before functionalising the remaining
free exo-cyclic arm to give our target. We reasoned that route A would ultimately allow
us greater control over the functionalisation of our ligand, because the cyclic and exo-
cyclic amine moieties could be addressed independently. Furthermore, we believed that
this route would minimise the possibility of oligimer formation during the cyclisation

step. Therefore, we pursued route A first.
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2.21 Route A - Synthesis of 1,5-Diazacyclooctane Derivatives

via initial diol protection

We identified the commercially available triol, 6, as the ideal starting material as
it contains the required neopentyl backbone as well as reactive functional groups.
We first attempted to protect two of the three hydroxyl groups, in order to leave
the third free to react. 6 was readily converted into the 1,3-dioxane, 7, through
reaction with acetone in the presence of a catalytic amount of tosylic acid to give
the desired 1,3-dioxane protected product, 7, in a 92% yield (Scheme 2.1). 'H NMR
confirmed the formation of 7, in accordance with the previously reported spectral
data.!8® The 1,3-dioxane, 7, was then reacted with tosyl chloride in pyridine to give
the corresponding tosylated 1,3-dioxane (80%), 8, utilising the procedure reported by
Gash (Scheme 2.1).® The 'H NMR spectrum of 8 was found to match that reported
by Nobuyasu.!*® The corresponding azide, 9, was then generated by nucleophilic
substitution of the tosyl group in 8 using sodium azide according to the procedure

reported by Liu (Scheme 2.1). 191 With 9 in hand, we were faced with two possibilities.

OH cat. TSOH #O\
HO ~ 0
;”VOH acetone, 24 h, r.t. ;TVOH
6 7 (92 %)
pyridine,
TsCl ‘ ('t 24 h
%O\ 3 NaN3 #O\
o 3 DMF/ H,0, 135 °C O =
WNS o HVOTS
9 (67 %) 8 (80 %)

Scheme 2.1: Synthesis of 1,3-dioxane protected azide 9. Two of the hydroxyl groupls
in 6 were protected as a 1,3-dioxane (7). The remaining hydroxyl group was activated
to give the tosylated species 8, which could then be substituted with an azide group to
give 9.
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TsCl, Ko,COg3

Tso ~Is
THF/ H,0,0°C - r.t., 24 h H H
10 11 (80%)

Scheme 2.2: Synthesis of activated diamine 11 via the procedure reported by Halfen. 172
11 is a requisite synthon of the Richman-Atkins cyclisation. 1

The first of these was to utilise the azide moiety in 9 as a masked amine and proceed
with the Richman-Atkins cyclisation, in which a activated diol is reacted with a bis-
tosylamide. 9 We first synthesised the requisite synthon to form the DACO ring.
1,3-diaminopropane (10) was reacted with tosyl chloride in the presence of K,COj
(Scheme 2.2) to give the activated diamine, 11, according to the procedure reported
by Halfen.!”? The resulting white crystals were ground to a fine powder using a pestle
and mortar and dried overnight under high vacuum in order to remove any residual

water.

We then turned our attention to removing the 1,3-dioxane protecting group in 9. 9 was

dissolved in tetrahydrofuran (THF) with several drops of concentrated hydrochloric

HO
= Ng  THE Reflux TN
9

30 mins
12
TsCl, THF, r.t.,
50% NaOH(aqg)| 24 h
9 \ 7, NaH TsQ |
. __N
Ts \—j\/ N3 DMF, 100 °C, 24 h 3
14 13 64%

Scheme 2.3: Synthesis of bis-tosylazide 13. The 1,3-dioxane protecting group in 9 was
cleaved to give the diol 12 which could then be activated for cyclisation through reaction
with tosyl chloride to give 13. The attempted cyclisation of 13 with 11 was unsuccessful
due to the instability of 13 under the harsh reaction conditions.
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acid and refluxed for 30 minutes to generate the diol, 12 (Scheme 2.3).!! The crude
diol, 12, was then activated without isolation through reaction with tosyl chloride
and sodium hydroxide in THF to give the bis-tosylate, 13. "H NMR of 13 showed no
evidence for the two diastereotopic 3H methyl peaks associated with the dioxane in
12. Furthermore, the appearance of aromatic peaks associated with the newly installed

tosyl groups, confirmed the formation of 13 (Scheme 2.3).

In order to perform the Richman-Atkins cyclisation step, the activated bis-tosylamide,
11, was dissolved in anhydrous N,N-dimethylformamide (DMF) and reacted with two
equivalents of sodium hydride in order to generate the corresponding di-sodium salt
in situ (Scheme 2.3). A solution of bis-tosylate, 13, in anhydrous DMF was then added
dropwise and the reaction heated at 100 °C for 24 hours. Analysis of the product by
electrospray ionisation mass spectrometry (ESI-MS) showed no evidence for formation
of the desired cyclised product, 14. Similarly, 'H nuclear magnetic resonance (NMR)
spectrum showed the presence of a significant amount of unreacted activated diamine,
11. We attributed this to the organic azide being unstable due to decomposition under
the harsh reaction conditions. Additionally, it is possible that adventitious water may
have been present in the bis-tosylazide as it is inadvisable to purify these compounds to
complete dryness due to risk of explosion. This could have resulted in re-protonation
of the sodium salt of bis-tosylamide, 11 and would explain the significant presence of

bis-tosylamide, 11 post reaction.

As a consequence of this negative outcome, we revisited our retrosynthetic analysis
(Figure 2.2). We concluded that rather than utilising the azide 9 as a masked amine,
it would be more pertinent to first reduce the azide before attempting to form the
ring; as one would expect the amine functionality to be more stable to decomposition
than the azide. To this end, rather than cleaving the dioxane group in 9, we first
reduced the azide moiety. This was achieved using 5% w.t. Pd/C and ammonium
formate in methanol to give the primary amine 15 in a 50% yield. The amine, 15
was characterised using "H NMR spectroscopy which showed a broad 2H singlet
at 0.99 ppm assigned, using heteronuclear single quantum coherence (HSQC) NMR

spectroscopy spectroscopy, to the newly introduced NH, moiety. Furthermore, ESI-MS
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§Lo 5% Pd/ C, NH,HCO, §Lo

o Q
< _N3 MeOH, r.t., 16 h \"NNHZ
9 15 (50 %)

a) Mel (3 e.q.),K,CO3, MeCN, #

Reflux, 3 h @)
o Y |
b) HCOOH, H,CO, N
Reflux, 6 h
16

Scheme 2.4: Synthesis of amine 11. The azide functionality in 9 was readily reduced to
the primary amine in 15. Our attempts to methylate led to either over alkylation (Mel)
or decomposition of 15 (HCOOH, H,CO).

showed a single mass peak at m/z = 160.1342 for CgH,gNO, (expected m/z = 160.1338),
corresponding to the desired product, 15. We then attempted to methylate the amine,
15 to give the dimethyl species, 16. We first attempted this by reacting the amine 15
with three equivalents of iodomethane (Scheme 2.4). However, ESI-MS analysis of
the reaction product showed a distribution of all the possible methylation products.
Peaks for the primary, secondary, tertiary and quaternary amines were all observed.
While we had expected this to a certain extent, we had envisioned that by carefully
controlling the reaction stoichiometry that we would be able to drive the reaction in
the direction of the desired tertiary product, 16, which we could isolate by column
chromatography. Unfortunately, this proved not to be the case and the products in this
mixture were inseparable. We therefore turned our attention to a more selective method
of alkylation, the Eschweiler-Clarke methylation. As this reaction proceeds via an
iminium cation intermediate, over alkylation to the quaternary product is not possible
therefore, this reaction should generate only the desired tertiary product. As such,
15 was refluxed for 6 hours in the presence of excess formic acid and formaldehyde.
Disappointingly, after work up, the 'H NMR spectrum showed the disappearance of
the two characteristic dioxane methyl peaks at 1.41 and 1.45 ppm, indicating that the

dioxane protecting group had been cleaved under these reaction conditions, giving no
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indication of formation of the desired product, 15. While dioxane protecting groups are
usually stable to weak acids, we believe the harsh reaction conditions employed here
may have decreased the groups stability. Given these unexpected setbacks, we decided

to focus our attention on route B, identified by our retrosynthetic analysis (Figure 2.2).

2.2.2 Route B - Synthesis of 1,5-Diazacyclooctane Derivatives

via the Richman-Atkins Cyclisation

I|3r

~

Br \—\/ Br

P
OH 18 (76%)
HO. = -
~ OH T diethylene glycol,
ﬁv Scy NaBr | 145 <C. 24 h
Lt ,Oyr/.d/}?e
’ 24b

6 OTs
TsO
\'T\/OTS
17 (83%)

Scheme 2.5: Synthesis of activated triols 17 and 18 required for the Richman-Atkins
cyclisation. The conversion of 6 directly to the tris-bromide 18 was not amenable to
scale up. Tosylation of 6 gave the tris-tosylate 17 which could either be cyclised directly
or cleanly converted to the tris-bromide 18.

Due to the lack of success in synthesising our target via route A, we decided that rather
than selectively addressing one arm of the triol, 6 (Scheme 2.5), we would instead
attempt to first cyclise its activated derivatives, tris-tosylate 17 and tris-bromide, 18
(Scheme 2.5). Triol 6 was first activated through reaction with four equivalents of tosyl
chloride in pyridine (Scheme 2.5) to give the tris-tosylate, 17, in 83% yield. While 17 can
be isolated simply by precipitation with ice-water, we found that the work-up reported
by Lindhorst and co-workers,'*® in which 17 is extracted with ethyl acetate (EtOAc) and

dried over MgSQO,, gave a rigorously anhydrous product. This was far better suited
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Scheme 2.6: Synthesis of diazamesocycles 19 and 20. The disodium salt of 11 was
generated in situ before reaction with either of the activated triols 17 or 18 to give the
corresponding mesocycles 19 or 20.

to our needs as the cyclisation reaction must be performed under strictly anhydrous

conditions.

Crucially, we found that 17 could be cleanly converted to the tris-bromide 18 on a
large scale. This was achieved through reaction of the tris-tosylate 17 with NaBr in
diethylene glycol at 145°C, as shown in Scheme 2.5. The synthesis of 18 has been
previously reported and can be achieved through two routes. In a reaction analogous
to that shown in Scheme 2.5, the benzenesulphonate analogue of 17 is reacted with
NaBr under the same conditions.'®* In our hands, we found that this product required
purification by distillation whereas the synthesis we developed did not. Additionally,
6 can be converted directly to 18 through reaction with PBr3.!%> While we found this
procedure useful on small scales, it was not amenable to scale up as a relatively large
amount of PBr;y was required as the reaction solvent. This meant that the two-step
procedure towards 18 was our preferred route to this activated triol. Having isolated

the two activated triols (17 and 18), we then set about forming the DACO mesocycle.

Based on the procedure outlined by Richman and Atkins, %2 we reacted the activated
diamine, 11 (0.1 M, 100 mL) with two equivalents of sodium hydride in anhydrous
DMF, generating the corresponding disodium salt in situ. Once the evolution of
hydrogen gas had visibly ceased, the temperature was increased to 100 °C under argon
for one hour. The activated triol (17 or 18) in DMF (0.2 M, 50 mL) was added dropwise.
The resulting reaction mixture was heated at 145 °C under argon for a further 24 hours.
These conditions yielded the desired cyclised products 19 or 20. 19 and 20 were fully
characterised using "H and '>C NMR spectroscopy which were assigned in conjunction

with HSQC and heteronuclear multiple-bond correlation (HMBC) spectra. Importantly,
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the 'H NMR spectrum displayed resonances typical of mesocyclic aliphatic protons,
confirming that cyclisation had occurred. Furthermore, the ESI-MS showed single mass
peaks corresponding to [M+H] in both instances. Additionally, single crystals of 20
were grown by slow evaporation of a solution of 20 in chloroform (CHCl3) (Figure 2.4b).
20 was found to crystallise in the P2;/c space group. The data revealed that 20 had
crystallised as a 50:50 mixture of two distinct boat-chair conformations, illustrated
in Figure 2.3 a and b. Furthermore, the crystal structure suggested that during the
crystallisation period, halide exchange between the solvent and 20 had occurred. This
resulted in the formation of both bromide and chloride containing analogues of each
of the two conformers. The Halide positions were modelled as 50% occupied in both
conformers, split between bromide and chloride. This resulted in refined occupancies
of Brl 35%, Cl1 15% and Br2 33%, Cl2 17%. This gave rise to the four discrete units

shown in Figure 2.3.

Interestingly, we observed that no reaction product was formed if the reaction mixture
was heated to temperatures lower than 140 °C. We attribute the fact that such harsh
conditions are necessary to the typical sluggish SN2 reactivity of the neopentyl
backbone. ¥ This arises because bulky vicinal substituents sterically shield the carbon
atom which must be attacked by the amide in order for the reaction to proceed. We
also attribute the fact that the yield of the cyclisation reaction utilising the tris-bromide,
as opposed to the tris-tosylate, is significantly higher to sterics. In this instance, we
propose that the smaller size of the bromide groups in 18 compared to the tosyl groups
in 17 reduce steric clashes in the transition state and therefore give a higher yielding
reaction. This is the opposite of the trend observed by Richman and Atkins, where

tosylates were found to be more reactive.!%?

Interestingly, we have also discovered
that the inherently poor reaction kinetics act as an effective dilution, meaning that a
saturated solution of 11 could be used. This was an important discovery as it allowed

for this reaction to be significantly scaled up. We next sought to functionalise the

remaining free arm.

In the first of these, we reacted the 1,5-diazamesocycle 19 with sodium azide in

diethyleneglycol to give the corresponding azide 14 in a 44% yield (Scheme 2.7). The
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Figure 2.3: Thermal ellipsoid plot of 20. Ellipsoids are shown at the 50% probability
level. a) and b) depict the different conformers of the 1,5-DACO ring found in the unit
cell.

formation of 14 was confirmed using ESI-MS and 'H NMR, which showed no aromatic
or methyl signals corresponding to the tosyl group in 19. Importantly, the fourier
transform infrared (FT-IR) spectrum showed the appearance of a strong vibration at
2103 cm™ which we assign to a Nj vibrational mode of the azide moiety. The azide in
14 was then reduced utilising 5% Pd/C and ammonium formate in methanol to give
the primary amine 21 in a 53% yield (Scheme 2.7). Analysis of the FT-IR spectrum of 21
showed the disappearance of the band at 2103 cm™, associated with the azide, and the
appearance of characteristic symmetric and asymmetric amine stretching frequencies at

3309 and 3151 cm™’. This confirmed that the azide group in 14 had been reduced to the
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7 NaN; 7

TsN NTs TsN NTs
OTs Diethylene Glycol, %Ns
135 °C, 5 days
19 14 (44 %)
5% Pd/ C, | MeOH, r.t.
NH4HCO, 16 h
/\ 33% HBr/ AcOH /\
" NH -~ phenol TsN NTs
\7<NH2 : r 90 °C, 16 h %NHz
22 (10 %) 21 (53 %)

Scheme 2.7: Synthesis of 1,5-diazamesocycle 22 via reduction of azide 14 followed by
deprotection of the N-tosyl groups using HBr in acetic acid.

primary amine in 21. "H NMR and ESI-MS were also used to confirm the formation of

21.

The N-tosyl protecting groups in 21 could then be removed via heating 21 to 90 °C in
33% HBr in acetic acid in the presence of an excess of phenol (Scheme 2.7). 22 was then
isolated as the hydrogen bromide salt, 22. The "H NMR spectrum of the mesocyclic
triamine 22 showed no aromatic peaks, corresponding to the N-tosyl groups, indicating

that they had both been successfully removed.

Unfortunately, we found the reduction of 14 poorly reproducible therefore we sought

an alternative, more robust route to the HBr salt of the triamine, 22. To this end, we

0
/\ H/N_§ /\ /\
TsN  NTs Nd O TsN  NTs aorb) N NH 3.5 HBr
H
DME, 145 °C % %
B ' ’ N. NH
' 4 days Ts 2
20 23 (76%) 22 a)= 10%

b) = 50%

Scheme 2.8: Synthesis of 1,5-diazamesocycle 22 via tris-tosylamide 23. a) 33% HBr in
AcOH, Phenol, 90 °C, 16 h. b) H,SO,, 160 °C, 1 h.
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Figure 2.4: Thermal ellipsoid plot of 1,5-diazamesocycle 22. Ellipsoids are shown at the
50% probability level. C-H atoms and counter ions have been omitted for clarity.

reacted the bromide 20 with sodium tosylamide at 145°C to give 23 (Scheme 2.8).
Analysis of the "H NMR spectrum of 23 showed the expected aromatic and aliphatic
signals indicating the presence of the third tosylamide functionality. The identity of the
assigned structure was then confirmed via ESI-MS, giving a peak at m/z = 620.1931 for
CpoHj37N30455 (expected m/z = 620.1923). As above, the N-tosyl groups could be cleaved
using HBr in acetic acid to give the triamine 22 in a 10% yield. In order to improve
this poor yield, we investigated other routes towards N-tosyl deprotection. Notably,
we found that heating 23 to 160 °C in concentrated H,SO, to give 22 at a significantly
higher yield of 50%. This corresponded to an overall yield of 20%, compared to 4%

when employing HBr in acetic acid in going from 18 to 22.

Colourless, needle like, single crystals of 22 suitable for X-ray diffraction were obtained
by diffusing ethanol into an aqueous solution of 22 (Figure 2.4). 22 was found to
crystallise in the R3 space group (Table 2.3). The asymmetric unit was found to consist
of one [CgH,,N3] cation and three bromide anions. Additionally, one HBr unit was
found per two CgH,,BrsNj units. Analysis of the crystal structure shown in Figure 2.4

showed that the 1,5-DACO ring in 22 was orientated in a boat-chair conformation.

67



/\ A
HN  NH «35HBr _ KOH.DeanStark ' nu
%NHz toluene, H,0, %NHZ
reflux, 24 h
22 2  (95%)

Scheme 2.9: Generation of freebase 22. 22 was deprotonated in H,O with KOH. The
residual H,O was then removed through azeotropic distillation with toluene to yield a
toluene solution of 2.

All bond lengths and angles were in good agreement with those previously reported
for diprotonated DACO rings.'®” Curiously however, when compared to the other
structures we have obtained (Figure 2.3) as well as those previously reported in the
literature for diprotonated DACO moieties, the relative orientation of N1 and N2 would
strongly disfavour complex formation. We reason that this arrangement allows for
the maximum separation of the two positive charges located on the cyclic nitrogens

therefore would be reasonably expected in the solid state.

In order to form pseudo-tetrahedral metal complexes, we require that the lone pairs of
these nitrogens are on the same face of the ring so as to allow coordination to the metal
centre. Therefore, we decided to probe the solution behaviour of 22 in order to better
understand its conformation. In order to do this we utilised '"H nuclear Overhauser
effect (NOE) NMR spectroscopy, which can be used to elucidate through space coupling
within a molecule. In order to carry out these studies, we first deprotonated 22, to
give the corresponding freebase 2, (Scheme 2.9). This alleviated the repulsion between
the cationic nitrogen atoms and allowed for a more accurate analysis. The 'H NMR
spectrum is shown in Figure 2.5a. Assignments of the observed signals were made
conclusively with HSQC and HMBC NMR spectroscopy. The "H NOE spectrum arising
from irradiating the multiplet at 1.72 ppm, corresponding to protons 4/4’, is shown in
Figure 2.5b. Importantly, this experiment demonstrated that through space coupling
between protons 4/4" and all of the other protons in the molecule was present. Of
particular significance is the through space coupling of 4/4’ to the protons of the methyl
group, 1, as well as protons 5 associated with the —CH,NH, group. This indicated that

protons 4/4" could see both faces of the mesocycle, and confirmed that 2 retained a

68



a)

2/2’

3/3’
I

|
iy M\J‘U | N |

b)

\'\."‘.\H“‘ H,"\ \‘\ | “ “ H

[Tt
U \ ]

\ |\ M ) A
I WA N N U G S ,PT N Y S S G

T T
3.2 3.0 2.8 2.6 2.4 2.2 2.0 1.8 1.6 1.4 1.2 1.0 0.8 0.6
Chemical Shift (ppm)

Figure 2.5: '"H NMR spectra of freebase 2. Inset shows the assignment of the resonances,
made in conjunction with the corresponding HSQC spectrum. a) 'H NMR spectrum of
the freebase 2. b) "H NOE NMR spectrum of 2 irradiated at 1.72 ppm.

high degree of structural flexibility in solution. Importantly, this suggested that the
unfavourable conformation observed in the solid state for the protonated triamine 22
was not adopted in solution by the freebase 2 therefore would not act as a barrier to

complex formation as 2 was highly flexible in solution.
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2.2.3 Alkylation of the 1,5-diazamesocycle, 22

/\ /\
HN  NH aorb) ~ —N  N—
+3.5 HBr P
%NHz %'\{
22 3

Scheme 2.10: Attempts at methylating cycle 22. a) HCO,H/ CH,0, reflux, 8 h. b) Mel
or MeOTs, K,CO3, MeCN, 16 h

Confident that 2 was capable of binding metals in the desired manner, we next
attempted to methylate both the cyclic and exo-cyclic amines in 22 in order to increase

the steric bulk, oxidative robustness and o-donor strength of 22.

To this end, we pursued several routes. We first attempted to synthesise the
tetramethylamine, 3, via an Eschweiler-Clarke methylation of 22. 22 was refluxed in
formic acid in the presence of an excess of formaldehyde. Analysis of the post reaction
mixture using "H NMR indicated the formation of a mixture of products, none of which
could be assigned as 3. These 'H NMR spectra also indicated that all of the starting
material, 22 had been consumed during the reaction. We propose that rather than the
reaction proceeding as depicted in Scheme 2.10, the intermediate imine which forms
after the reaction of 22 with formaldehyde, reacts with an adjacent amine before it can
be reduced by the formic acid. This results in the formation of aminal products, rather
than the desired peralkylated product, 3. In an attempt to prevent this intramolecular
reaction, we attempted several reductive aminations using more powerful reductants.
22 was refluxed in formaldehyde in the presence of acetic acid and a reductant such as
NaBH,, KBH, or zinc powder. Unfortunately, similar 'H spectra containing multiple
singlets between 4 and 5 ppm, suggestive of aminal formation, were obtained in all

cases. Similar reactivity has previously been observed for related complexes. 1%

We next attempted the synthesis of 3 using alkylating agents such as methyl iodide and
methyl tosylate (Scheme 2.10). In this instance, we consistently obtained a majority of

the over-alkylated products, with a small amount of the desired product 3, as indicated
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by the 'H NMR spectrum and ESI-MS. This mixture of products was inseparable using
column chromatography. At this juncture, we postponed our attempts to methylate 22

and focused our attention elsewhere.

Fortunately, we discovered that 22 reacted with benzyl bromide in the presence of
excess base (K,COj3) to give the desired tetraalkylated product, 4 (Scheme 2.11). The
formation of 4 was confirmed using "H NMR. Analysis of the spectrum of 4 showed the
appearance of two new peaks at 3.64 and 3.74 ppm as well as a multiplet at 7.4 ppm.
These peaks correspond to the aliphatic and aromatic protons of the benzyl groups
respectively and were assigned in conjunction with HSQC and HMBC NMR spectra.
The identity of 4 was confirmed by the presence of a peak at m/z = 518.3534 (expected
m/z = 518.3535 for CzgHyyN3). Curiously, we observed no evidence for the over
alkylation of 22 in this reaction whereas in the reaction between 22 and iodomethane,
we did. This is unusual as one would expect the more reactive benzyl bromide to
be more reactive and therefore also form over alkylated products. We ascribed this
marked difference in reactivity to the steric bulk of the benzyl groups retarding the rate
of quaternisation of the amine functionalities. Importantly, this provides support to the

idea that benzyl groups will form a well sterically shielded metal binding pocket.

As with 22, we probed the solution behaviour of 4 using rotating-frame Overhauser
effect spectroscopy (ROESY) experiments; which similarly to NOE are used to elucidate

through space interactions (Figure 2.6).

We once again irradiated the sample at a frequency corresponding to the signal at 1.64

ppm for protons 4/4’. We observed that these protons showed through space coupling

/\ Ph
_/
HN/\NH Br K>CO3 /N N
3.5 HBr + PH % R
%NHZ MeCN, reflux, N\ Ph
16 h o
22 4 70%

Scheme 2.11: Benzylation of cycle 22. Reaction of 22 with benzyl bromide lead to the
clean formation of the tetraalkylated 4.
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Figure 2.6: a) 'H NMR spectra of 4. Resonance assignments are shown in the inset
and were made in conjunction with the corresponding HSQC spectrum. b) "H ROESY
spectrum of 4 irradiated at 1.63 ppm. 600 MHz, CDCl;

to all other protons within the DACO ring, the benzylic —CH, groups and, importantly,
both of the exo-cyclic —CH, (5) and —CHj (1) groups. This strongly suggests that
although we have alkylated all of the methyl groups in 22, to give the tetrabenzylated

analogue 4, the molecule retains a high degree of structural flexibility in solution.

Figure 2.7: Thermal ellipsoid plot of 4. H-atoms have been omitted for clarity.
Ellipsoids are shown at the 50% probability level. a) Shows the full structure; b) Benzyl
groups have been omitted in order to highlight the unusual conformation of the DACO
ring.
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Table 2.1: Selected bond lengths and ang]les.

22 20 4 [4-H](PFy) [4-2H]((OTf),)
Mean cyclic C-C/ A 1.531 1.532 1.532 1.531 1.535
Mean C-N1/A 1.506 1.480 1.464 1.484 1.475
Mean C-N2/A 1.495 1.477 1.474 1.514 1.519
Mean C-N3/ A - - 1.470 1.477 1.534
N1-N2 distance / A 3.6325(2) 2.8572(1) 3.3160(2) 2.6906(1) 2.8003(1)

C3-N1-C5 fold angle /°  N/A" 115369(2) N/A® 111.408(2)  113.050(3)
C7-N2-C9 fold angle /° N/A" 116590(2) N/A" 111466(2)  113.569(3)

#22 and 4 are not in the same boat-chair conformation as the other compounds
listed therefore this angle is not listed for 22

Single crystals of 4 were grown by slow evaporation of a dilute solution of 4 in
acetonitrile (MeCN) to give colourless, block-like, crystals. 4 was found to crystallise
in the P2;/n space group. The asymmetric unit consists of one discrete C3gHy3Nj3
moiety, shown in Figure 2.7a. Selected bond lengths and angles are shown in Table 2.1.
Interestingly, the DACO ring in 4 displays a twist boat-chair conformation (Figure 2.7b),

as this is the conformation which minimises the transannular strain between the two

adjacent N-alkyl groups. This is reflected in the large N1-N2 distance measured in 4

Figure 2.8: Thermal ellipsoid packing diagram for 4 illustrating the absence of -
stacking interactions. Ellipsoids are shown at the 50% probability level.
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Figure 2.9: Crystal structures of [4-H](PF¢) and [4-2H]((OTf),). a) Structure of [4-H](PFy).
Ellipsoids are shown at the 50% probability level. Counter ion and H atoms have been
omitted for clarity. Hydrogen bond indicated by dashed line. b) Crystal structure of
[4-H](PF¢) with benzyl groups removed for clarity. c) Crystal structure of [4-2H]((OTf),).
Ellipsoids are shown at the 50% probability level. Counter ions and H atoms omitted
for clarity. d) Crystal structure of [4-2H]((OTf),) with benzyl groups removed for clarity.

(3.316 A) The mean cyclic C-C distance is 1.532 A, in good agreement with those found
for 20 and 22. However, the average C-N distance is short when compared to 22 and is
more comparable to those found in 20, reflecting the fact that neither of these molecules
are protonated whereas 22 is. Importantly, no n-stacking interactions are observed
in the solid state (Figure 2.8) therefore these through space interactions, observed in
the ROESY experiments can be confidently assigned as intramolecular rather than
intermolecular. Serendipitously, crystal structures of both the monoprotonated and
diprotonated congoners of 4 were also obtained (Figure 2.9). Colourless, needle like

single crystals of [4-H](PF¢) precipitated after layering a reaction mixture of 4, CuCl,
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and KPFg in wet MeCN with diethyl ether (Et,O). Similarly, colourless block like
crystals of [4-2H]((OTf),) precipitated after layering a solution of 4 and Zn(OTf), in
wet MeCN with Et,O.

[4-H](PF¢) crystallised in the P2;/c space group. The asymmetric unit was found to
consist of a discrete C34H N3 cation and a disordered PF4 counter anion (Figure 2.9).
Selected bond lengths are reported in Table 2.1. The structure demonstrates
unambiguously that the cyclic nitrogen, N2, is protonated before the acyclic amine; as
would be expected based on their higher reported basicity.'® Analysis of the crystal
structure suggests a strong hydrogen bond (2.005 A) is present between N1 and H-N2.
This is reflected in the remarkably short N1-N2 distance (2.6906 A), almost 1 A shorter
than that measured for 22. Like 20, the DACO ring in [4-H](PF¢) adopts a boat-chair
conformation and has a C-N-C fold angle of 111°. This demonstrates that protonation
has a significant conformational effect on 4. The average cyclic C-C bond length remains
similar to those discussed above at approximately 1.5 A. However, protonation at N2
results in an increase in the average C-N2 bond length (1.514 A) when compared to
the unprotonated 20 (1.477 A) and 4 (1.474 A). These bond lengths and fold angles
are similar to those previously reported for protonated DACO moieties as well as

161,200,201

metal complexes containing the DACO moiety. This suggests that N-alkylation

should not hinder or alter the highly desirable binding properties of the DACO moiety.

[4-2H]((OTf),) also crystallised in the P2;/c space group. The asymmetric unit
was found to consist of a discrete C3cHysN3 cation and two CF;SO; counter anions
(Figure 2.9). Hydrogen atoms on N2 and N3 were located and refined. The DACO
ring maintains the same boat-chair conformation as observed for [4-H](PF¢). As such,
bond lengths and fold angles do not differ greatly from those reported fo [4-H](PF)
(Table 2.1). This is to be expected as N3 is a considerable distance from the DACO ring

consequently has little effect on its structural properties.

The 'H NMR spectra of the crystals of 4, [4-H](PF4) and [4-2H]((OTf),) were recorded
and are shown in Figure 2.10. The resonances were assigned in conjunction with the

corresponding HSQC and HMBC spectra. The "H NMR spectrum of 4 and [4-H](PF)

75



are shown in Figure 2.10a and b respectively. The spectra clearly shown that upon
protonation at N2 (Figure 2.10b) the apparent singlet at 3.59 ppm arrising from Hg /¢ in
4 resolves into a pair of doublets at 3.84 and 3.65 ppm in [4-H](PF). The strong coupling
constant (~13 Hz) indicates that these doublets are a result of geminal coupling and
no 3] N-H coupling is observed. The difference in these chemical shifts (~0.2 ppm)
is a result of the relative axial/equatorial arrangement of these diastereotopic protons,
arising from a change in local magnetic anisotropy brought about by protonation. An
equivalent resolution of signals is observed after protonation at N3 (Figure 2.10c) as
Hy,7 are resolved into a pair of signals at 4.60 and 4.32 ppm. The doublet at 4.60 has a
coupling constant (~14 Hz) indicative of geminal coupling only, whereas the multiplet
at 4.32 ppm is split further, possibly by 3] HNCH coupling. The overlapping signals
for Hj /3 (2.46-2.39 ppm) and Hy, 4 (1.54 ppm) in 4 are resolved into pairs of multiplets
for Hs/3 (3.10 and 2.74 ppm) and Hy/4 (2.07 and 1.74 ppm) in [4-H](PF¢). As above,

the different chemical shifts for these pairs of protons is a result of their relative axial/

a)

T T T T T T T T T T T T T T T T T T T T T T T T T T T T
5.2 4.8 4.4 4.0 3.6 3.2 2.8 24 2.0 1.6 1.2 0.8 0.4 0.0 -0.4
Chemical Shift (ppm)

Figure 2.10: a) 'H NMR spectra of 4 b) '"H NMR spectra of 4 [4-H](PFy). ¢) 'H NMR
spectra of 4 [4-2H]((OTf),). 400 MHz, CD;CN. Resonance assignments are shown in the
inset and were made in conjunction with the corresponding HSQC and HMBC spectra.
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Figure 2.11: 2d 'H NOE Spectrum of [4-H](PF4). Dotted area highlights the region of
the signals absent due to the decreased flexibility of [4-H](PF¢) after monoprotonation.

equatorial arrangement. Protonation at N3 ([4-2H]((OTf),), Figure 2.10c) results in the

same general splitting pattern for the cyclic protons although their chemical shifts differ

slightly.

Notably, 2d-NOE NMR experiments (Figure 2.11) shows an absence of through space

coupling between H; and both Hj,3 and Hy,4, in stark contrast to 2 and 4 (Figure 2.5

and Figure 2.6). Furthermore, only coupling to one of the diastereotopic pair Hy /' is

observed in [4-H](PF¢) whereas coupling to both is observed in the selective NOE NMR

data reported for 4. This is highly suggestive of a reduction in conformational flexibility

of the DACO ring in 4 upon protonation at N2.
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2.3 Conclusions

In conclusion, we have outlined several synthetic routes to our target ligand 1; a
novel, mesocyclic, tripodal, triamine ligand which, we have designed to stabilise late
transition metal-oxos. Our modular approach to the synthesis of 22 and its derivatives
has provided us with a library of synthons that will allow us to carefully tune the
structural properties of metal complexes derived from 22. Importantly, we have
developed and optimised the synthesis of the mesocyclic fragment in 22, utilising a
Richman-Atkins cyclisation to give the mesocyclic compounds 19 and 20. Furthermore,
we have outlined a multitude of routes to the further derivitisation of these compounds,
ultimately to give the HBr salt of the triamine skeleton, 22, which we have shown can
be alkylated to give 4. We have probed the conformational flexibility of both 2 and 4
using a combination of NMR spectroscopy and X-ray crystallography studies. While
the X-ray crystal structure obtained for 22 displayed an unusual configuration, we
have shown that the corresponding freebase (2) maintains a high degree of flexibility
in solution. Additionally, we have demonstrated that while 4 maintains a high degree
of structural flexibility in solution, protonation at the N2 position results in a loss of
conformational flexibility, as indicated by NMR studies. Having isolated these ligands,

we now intend to study their reactivity with first row transition metals.

78



2.4 Experimental Section

2.4.1 Materials and Methods

All reagents and solvents were purchased from commercial sources and used as
received, unless otherwise stated. All reactions with air-sensitive materials were
conducted under an inert atmosphere using either standard Schlenk techniques or a
nitrogen atmosphere glove box. Anhydrous DMF and MeCN were purchased and
used without further purification. Anhydrous THF and Et,O were dispensed through
an Innovative Technology PureSolv EN solvent purification system and deoxygenated
by purging with argon. Ammonium formate was recrystallised from ethanol before
use. CDCl; was dried and de-acidified by stirring and subsequently storing over 4 A
molecular sieves and basic alumina. 'H and '*C NMR were recorded on either a Bruker
DPX 400 MHz or Bruker Avance II 600 MHz spectrometer. ESI mass spectra were
acquired using a Micromass time of flight spectrometer (tof), interfaced to a Waters
2690 HPLC. Fourier-Transform Infrared spectra were recorded using a Perkin-Elmer
Spectrum I FT-IR spectrometer. Thin-layer chromatography (TLC) was performed with
Analytical Chromatography alumina sheets coated with silica gel (0.25 mm). Spots were
visualised under UV light. Flash column chromatography was conducted with Fluka

Silica Gel 60 A(230-400mesh).
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2.4.2 Previously Reported Compounds

Table 2.2: Compounds Described which have been previously reported and their
corresponding literature references.

Compound Number Structure Reference
ELO
7 q 188

8 0 \ 189,190

T
H H
HO
12 HO 191
e
TsO
17 Tso ! 193
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2.4.3 Synthesis of 2-(azidomethyl)-2-methylpropane-1,3-diyl

bis-tosylate (9)

12 (3.53 g, 24 mmol) 191 was dissolved in THF (50 mL) and added to a solution of NaOH
(9 g) in water (9 mL). Tosyl chloride (11.6 g, 61 mmol) in THF (10 mL) was added
dropwise with vigorous stirring. The reaction mixture was stirred for a further 16 h
at room temperature. The mixture was diluted with water (100 mL) and then extracted
with CHCl; (3 x 50 mL). The organic layer was washed with brine (3 x 100 mL) then
dried over MgSO,. The solvent was removed in vacuo to give a colourless oil. The
crude product was purified by column chromatography (Hexane: EtOAc, 4:1) to give
13 (7.2 g, 64%) as an off-white solid.

"H NMR (400 MHz, CDCly) § = 0.93 (s, 3H, Hy), 2.47 (s, 6H, Hy), 3.26 (s, 2H, Hy), 3.78 (s,
4H, H), 7.38 (d, ] = 8.1, 4H, Ar-H), 7.76 (d, ] = 8.1, 4H, Ar-H).

13C NMR (101 MHz, CDCly) 5 = 17.0, 21.8, 39.7, 53.6, 70.7, 128.0, 130.1, 132.1, 145.4.
Vmax /cm: 2112.16, 1370, 1289, 1191, 1176, 1098, 1034, 965, 866, 832, 814, 665, 603, 554.

HRMS (m/z -ESI): Found: 476.0961 (M" + Na predicted mass: 476.0926
C19H23N3045,Na)
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24.4 Synthesis of 3-(azidomethyl)-3-methyl-1,5-ditosyl-1,5-

diazocane (14)

19 (800 mg, 1.3 mmol) was dissolved in diethylene glycol (25 mL). Sodium azide (252
mg, 3.9 mmol) was added and the reaction mixture was stirred at 135 °C for 5 days. The
reaction mixture was cooled and diluted with water (25 mL). The result- ing emulsion
was extracted with DCM (3 25 mL). The organic layer was collected and dried over
MgSO, and the solvent removed in vacuo. The crude product was purified by column
chromatography (EtOAc: Hexane : Triethylamine, 45 : 45 : 10) to give azide 14 (280 mg,

44%) as a white powder.

"H NMR (400 MHz, CDCly) 3 = 1.15 (s, 3H, H;), 1.82-2.02 (m, 2H, Hs), 2.46 (s, 6H, H),
2.96-3.29 (m, 8H, H3,4), 3.54 (s, 2H, Hy), 7.36 (d, ] = 8.1, 4H, H-Ar), 7.68 (d, ] = 8.1, 4H,
H-Ar).

13C NMR (101 MHz, CDCl,) 6 =17.0, 21.8, 25.7, 39.7, 53.6, 68.0, 70.7, 128.0, 130.1, 132.1,
132.1,145.4

Vmax /cm’t: 1156, 1335, 2103.

HRMS (m/z -ESI): Found: 492.1730 (M" + H. C,,H;3)N50,S, predicted mass: 492.1695).
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2.4.5 Synthesis of

(2,2,5-trimethyl-1,3-dioxan-5-yl)methanamine (15)

Azide 9 (3.52 g, 19 mmol) and ammonium formate (4.87 g, 76 mmol) were added
to degassed methanol (100 mL) and stirred until the ammonium formate completely
dissolved. 5% Pd/C (365 mg, 10 wt%) was then added and the reaction mixture stirred
for 3 hours at room temperature. The reaction mixture was then filtered through a pad
of Celite and the methanol removed in vacuo. The residue was taken up into distilled
water (10 mL) and washed with Et,O (3 20 mL). The aqueous layer was then basified
with KOH (10 g) and extracted with CH3;CN (5 10 mL). The organic layer was collected
and dried over MgSO,. The solvent was removed in vacuo to give 15 (1.50 g, 50%) as a

colourless oil.

"H NMR (600 MHz, CDCl3) & = 0.80 (s, 3H, Hy), 0.99 (s, 2H, Hypy, ), 1.38 (s, 3H, Hy), 1.42
(s, 3H, Hy), 2.78 (s, 2H, Hy), 3.57 (d, ] = 11.7, 2H, H3), 3.62 (d, ] = 11.7, 2H, Hy).

13C NMR (151 MHz, CDCly) & = 17.9, 21.0, 26.5, 34.2, 46.3, 67.2, 97.8.

HRMS (m/z -ESI): Found: 160.1342 (M" + H. CgH;,;NO, predicted mass: 160.1338).
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2.4.6 Synthesis of 1,3-dibromo-2-(bromomethyl)

-2-methylpropane (18)

Br
Br\/ﬁ Br

17 (46 g, 79 mmol) and NaBr (83 g, 790 mmol) were heated in diethylene glycol (250 mL)
at 145 °Cfor 18 hours. After cooling, the reaction mixture was diluted with deionised
water (250 mL), mixed vigorously, then transferred to a separating funnel. The more
dense oil (18) was collected. The aqueous layer was washed with Et,O (3 50 mL). The
organic extracts were combined with the oil and dried over MgSO,. The solvent was

removed in vacuo to give 18 (18.5 g, 76%) as a pale yellow oil.

'H NMR (400 MHz, CDCl,) 5 = 1.29 (s, 3H), 3.50 (s, 6H).1%*
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2.4.7 Synthesis of (3-methyl-1,5-ditosyl-1,5-diazocan-3-

yDmethyltosylate (19)

In a glove box, N,N-(propane-1,3-diyl)bis-tosylate 11 (3.80 g, 9.93 mmol) was dissolved
in anhydrous DMF (100 mL). NaH, as a 60% dispersion in mineral oil (1.0 g, 20 mmol)
was added and the solution stirred until the evolution of hydrogen gas ceased. The
reaction vessel was transferred to a Schlenk line and heated at 145 °C for 1 hour. A
solution of 17 (5.786 g, 9.9 mmol) in anhydrous DMF (60 mL) was then added drop-
wise by cannula. The reaction mixture was then heated at 145 °C for a further 24 hours.
The DMF was removed by distillation and the residue was taken up into CHCl;. The
organic layer was washed with water (3 50 mL) and brine (3 50 mL) then dried over
MgSO,. The solvent was removed in vacuo. The crude product was purified by column
chromatography (EtOAc : hexane : triethylamine, 35 : 60 : 5) to give 19 (591 mg, 10%)

as an off-white crystalline solid.

"H NMR (600 MHz, CDCLy) 3 = 1.14 (s, 3H, Hy), 1.92 (m, 2H, Hs), 2.44 (s, 6H, , H), 2.45
(s, 3H, Hy), 3.11-3.21 (m, 8H,, Hy 4), 4.05 (s, 2H, Hy), 7.32 (d, ] = 8.0, 4H, H-Ar), 7.36(d, |
=8.1, 2H, H-Ar), 7.62(d, ] = 8.2, 4H, H-Ar), 7.84 (d, ] = 8.3, 2H, H-Ar).

13C NMR (151 MHz, CDCl,) 6 = 21.6, 21.7, 21.8, 28.8, 39.8, 49.7, 53.2, 76.4, 127.5, 128.2,
130.0, 130.0, 132.7, 134.9, 143.9, 145.0.

Vmax /cm’t: 1156, 1174, 1307, 1336.
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HRMS (m/z -ESI): Found: 643.1580 (M" + Na. CygH3¢N,O;S;Na predicted mass:
643.1582).

Melting point: 86-88 °C.

86



2.4.8 Synthesis of 3-(bromomethyl)-3-methyl-1,5-ditosyl-1,5-

diazocane (20)

s

7~

4
S-N N

S
1 Br

In a glove box, N,N-(propane-1,3-diyl)bis-tosylate 11 (4.7 g, 12.3 mmol) was dissolved

5

O

O=n:0
O=n:0

in anhydrous DMF (200 mL). NaH, as a 60% dispersion in mineral oil (0.985 g, 24.6
mmol) was added and the solution stirred until the evolution of hydrogen gas ceased.
The reaction vessel was transferred to a Schlenk line and heated at 145 °C for 1 hour.
A solution of 1,3-dibromo-2-(bromomethyl)-2-methylpropane 18 (3.8 g, 12.3 mmol) in
anhydrous DMF (50 mL) was then added dropwise by cannula. The reaction mixture
was heated at 145 °C for a further 24 hours. The DMF was removed by distillation and
the residue was taken up into Et,O (150 mL). The Et,O solution was washed with water
(3 50 ml) and brine (3 50 ml) and dried over MgSO,. The solvent was removed in
vacuo. The crude product was purified by recrystalisation from the minimum amount
of boiling methanol. The product was collected by vacuum filtration and washed with

cold methanol (3 10 mL) to give 20 as an off white solid (3.1 g, 48%).

"H NMR (400 MHz, CDCLy) & = 1.28 (s, 3H, Hy), 1.96 (m, 2H, Hs), 2.46 (s, 6H, Hg), 3.09-
3.28 (m, 8H, Hj 4), 3.64 (s, 2H, Hy), 7.35 (d, ] = 7.9, 4H, H-Ar), 7.69 (d, ] = 8.0, 4H, H-Ar)

13C NMR (101 MHz, CDCly) 6 = 21.1, 23.1, 28.1, 39.1, 43.4, 49.1, 53.8, 127.0, 129.4, 134.3,
143.4.

vmax /cm: 547, 572, 653, 706, 755, 800, 845, 1018, 1089, 1156, 1260, 1306, 1335, 1383,
1457, 1494, 1598, 2860, 2870, 2924, 2963.

HRMS (m/z -ESI): Found: 551.0652 (M" + Na. Cy»HyN,0,S,Br predicted mass:
551.0650).
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Melting point: 140-143 °C.

88



2.4.9 Synthesis
of (3-methyl-1,5-ditosyl-1,5-diazocan-3-yl)- methanamine

(21)

5

™ Q

14 (0.280 g, 0.57 mmol) and ammonium formate (0.144 g, 2.28 mmol) were added

—~ -

O:n:0

I
o

to degassed methanol (100 mL) and stirred until the ammonium formate completely
dissolved. 5% Pd/C (0.056 g, 20 wt%) was then added and the reaction mixture stirred
for 18 h at room temperature. The reaction mixture was filtered through a pad of celite
and the methanol removed in vacuo. The residue was taken up into distilled water (10
mL) and washed with Et,0O (3 20 mL). The aqueous layer was basified with KOH (10 g)
and extracted with CH3CN (5 10 mL). The organic layer was collected and dried over

MgSO,. The solvent was removed in vacuo to give 21 (0.140 g, 53%).

"H NMR (600 MHz, CDCls) § = 1.06 (s, 3H, Hy), 1.87 (m, 2H, Hs), 2.43 (s, 6H, H), 2.70
(s, 2H, Hp), 2.93 (d, ] = 15.1, 2H, Hj), 3.08-3.25 (m, 6H, Hy /), 7.31 (d, ] = 8.2, 4H, H-Ar),
7.66 (d, ] = 8.2, 4H, H-Ar).

13C NMR (151 MHz, CDCl,) 6 = 21.5, 28.1, 40.4, 47.8, 49.8, 53.5, 127.4,129.8, 135.1, 143.6.
vmax /cml: 1151, 1327, 3151, 3310.

HRMS (m/z -ESI): Found: 466.1833 (M" + H. C,,H3,N30,S, predicted mass: 466.1790).
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2.4.10 Synthesis of N-((3-methyl-1,5-ditosyl-1,5-diazocan-3-

yDmethyl)- tosylamide (23)

5
QO ™~ O
+/ \=NH
.5°

@

20 (9.0 g, 17 mmol) and sodium tosylamide (9.85 g, 51 mmol) were heated at 145 °C in
anhydrous DMF (200 mL) for 4 days. Once the reaction mixture had cooled, the solvent
was removed in vacuo. The crude reaction mixture was recrystallised in the minimum
amount of boiling methanol. The resulting white precipitate was collected by filtration
and washed with cold methanol to give 23 (8.0 g, 76%). The crude product was then

recrystallised from acetone.

"H NMR (400 MHz, CDCls) 3 = 1.09 (s, 3H, Hy), 1.85 (m, 2H, Hs), 2.41 (s, 3H, Hy), 2.43
(s, 6H, H), 2.7-3.5 (m, 8H, Hy,3/4/4), 348 (d, | = 5.0, 2H, Hy), 7.27-7.37 (m, 4H, H-Ar),
7.63 (d, ] = 8.0, 2H), 7.77 (d, ] = 8.0, 2H, H-Ar).

13C NMR (101 MHz, CDCl,) 5 = 21.7, 22.1, 28.5, 39.8, 48.1, 50.7, 127.0, 127.6, 129.9, 130.0,
134.4,137.5,143.2, 144.1.

vmax /cml: 3290, 2925, 2286, 2050, 1980, 1598, 1494, 1458, 1382, 1328, 1305, 1216, 1153,
1089, 1017, 967, 847, 811, 752, 739, 705, 653, 567.

HRMS (m/z -ESI): Found: 620.1931 (M" + H. CygH3,N30.S; predicted mass: 620.1931).

Melting point: 110-114 °C.
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2.4.11 General procedure for the deprotection of N-tosyl
protected amines to give 22 using 33% HBr in acetic acid

and phenol

5
4

HN NH 3.5 HBr

3
12NH2

A solution of 33% HBr in acetic acid (1 mL) was added to the protected amine (0.25
mmol) and phenol (1 g). The reaction mixture was heated at 90 °C for 16 hours. The
temperature was lowered to 60 °C and 33% HBr in acetic acid (1 mL) was added and the
reaction mixture heated for a further 5 hours. The reaction mixture was cooled in the
freezer at 40 °C overnight. The resulting white precipitate was collected by filtration
and washed with Et,O (5 mL). To give 22 as an off white solid (10%). Crystals of 22
suitable for X-ray diffraction were grown by slow diffusion of ethanol into a solution of

22 in water.

H NMR (400 MHz, D,0) 5 = 1.24 (s, 3H, H;), 2.23 (m,2H,, Hs), 3.14 (s, 2H, Hy), 3.46-3.24
(mr 8H/ H3/4)'

13C NMR (101 MHz, D,0) 5 = 18.8,19.2, 42.6, 43.8, 45.5, 47.5.
HRMS (m/z -ESI): Found: 158.1695 (M" + H. CgH,oNj predicted mass: 158.1652).

Melting point: Decomposes at approximately 255 °C.

91



2.4.12 General procedure for the deprotection of N-tosyl

protected amines to give 22 using concentrated H,SO,

5
4

HN NH 3.5 HBr

3

12NH2

Concentrated H,SO, (1 mL) was added to the protected amine 22 (1 mmol). The reaction
mixture was heated under argon at 160 °C for 1 hour. The reaction mixture was cooled
to 0 °C in an ice-bath and ethanol (10 mL) followed by Et,O (8 mL) was added dropwise.
The reaction mixture was cooled in the fridge at 2 °C for 16 hours. The resulting brown
precipitate was collected by filtration onto a pad of celite. The precipitate and the celite
were then transferred to a round-bottomed flask to which water (10 mL) and activated
carbon were added. The mixture was refluxed for 1.5 hours. The insoluble materials
were removed by filtration and the solvent was removed under reduced pressure. The
resulting brown residue was taken up into 48% hydrobromic acid (1 mL) and to this
solution ethanol (20 mL) was added dropwise. The resulting white precipitate, 22 (50%)

was collected by filtration and washed with cold Et,O (5 mL).
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2.4.13 General procedure for the generation of freebase 2

22 was dissolved in the minimum amount of deionised water. KOH (10 eq.) and toluene
(20 mL) were then added. The toluene solution was then heated under reflux with a
DeanStark trap for 24 hours. After cooling, any insoluble material was removed by

filtration and the solvent removed under vacuum to give freebase 2 as a colourless oil.

"H NMR (600 MHz, CDCls) & = 0.76 (s, 3H, H;), 1.65-1.77 (m, 2H, Hs), 2.58 (s, 2H, Hy),
258 (d, ] = 14.1, 2H, H3), 2.80 (d, ] = 14.1, 2H, Hy), 2.843.02 (m, 4H, Hy ).

13C NMR (151 MHz, CDCly) & = 20.98, 28.49, 38.59, 49.08, 49.20, 53.79.

vmax /cm™: 3295, 2903, 2862, 1595, 1459, 1393, 1365, 1293, 1230, 1146, 1069, 880, 845, 810,
769, 747, 692, 639, 623, 616, 609, 601, 593, 585, 578, 570, 563, 555.

HRMS (m/z -ESI): Found: 158.1674 (M" + H. CgH,oNj predicted mass: 158.1652).
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2.4.14 Synthesis of N,N-dibenzyl-1-(N,N-1,5-dibenzyl-3-
methyl-1,5- diazocan-3-yl)methanamine (4)

.5
4/4 Ph

N—/

N
NS
3/3’/1
/N"Ph
Ph

22 (1.1 g, 2.7 mmol) was suspended in CH3;CN (30 mL). Benzyl bromide (1.88 g, 1.3 mL,
11.0 mmol) and K,CO; (7.6 g, 55 mmol) were added. The reaction mixture was heated
at reflux for 16 hours. After this the insoluble material was removed by filtration and
the solvent was removed in vacuo. The resulting yellow oil was dissolved in H,O (5
mL) and added to a suspension of sodium hydroxide (5 g) in toluene (50 mL). The
toluene solution was then heated under reflux with a DeanStark trap for 24 hours.
After cooling, the insoluble material was removed by filtration and the solvent removed

under vacuum to give 4 (0.988 g, 70%) as a white solid.

"H NMR (600 MHz, CDCl) § = 0.95 (s, 3H, H;), 1.55-1.70 (m, 2H, Hj), 2.31-2.56 (m,
6H, Hs,4), 2.58 (s, 2H, Hy), 2.71 (d, ] = 14.1, 2H, Hy), 3.64 (s, 4H, Hy), 3.74 (m, 4H, Hy),
6.57-7.93 (m, 20H, H-Ar).

13C NMR (151 MHz, CDCly) 6 =222, 28.3, 42.5, 54.5, 60.7, 61.6, 62.1, 65.0, 126.4, 126.6,
127.9,127.9,128.4,129.1, 139.9, 141.9.

vmax /cml: 3084, 3063, 3025, 2965, 2949, 2939, 2922, 2888, 2814, 2780, 2711, 2049, 1940,
1870, 1803, 1602, 1585, 1493, 1468, 1451, 1357, 1332, 1302, 1283, 1243, 1212, 1192, 1176,
1145, 1115, 1090, 1071, 1062, 1045, 1027, 984, 972, 935, 922, 906, 888, 861, 838, 821, 760,
744,731, 695, 632, 613, 583, 569, 555.

HRMS (m/z ESI): Found: 518.3530 (M" + H. C3cHy4Nj; predicted mass: 518.3535).

Melting point: 88-90 °C.
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2.4.15 NMR Data for [4-H](PFy)

"H NMR (600 MHz, CD;CN) 5 = 0.23 (s, 3H), 1.69-1.77 (m, 2H) 2.03-2.10 (m, 2H), 2.34 (s,
2H), 2.52 (d, ] = 14.2 Hz, 1H), 2.74-2.66 (m, 4H), 2.99-3.13 (m, 2H), 3.84 (d, ] = 13.3 Hz,
2H), 3.65 (d, ] = 14.7 Hz, 2H), 7.27-7.45 (m, 20H).

For assignments see Figure 2.10.

13C NMR (151 MHz, CDs;CN) 6 =21.2,21.4,37.2,56.7,60.9, 61.7, 63.7, 129.4, 130.0, 130.0,
130.3, 131.7, 134.3, 140.4.

2.4.16 NMR data for [4-2H]((OTY),)

"H NMR (600 MHz, CD5CN) = 0.15 (s, 3H), 1.68-1.71 (m, 2H), 1.95-1.98 (m, 2H), 2.52
(d, ] = 14.5 Hz, 2H), 2.42 (d, ] = 14.5 Hz, 2H), 2.65-2.75 (m, 2H), 2.98-3.13 (m, 4H), 3.76
(d, ] = 13.0 Hz, 2H), 3.82 (d, ] = 13.1 Hz, 2H), 4.27-4.35 (m, 2H), 4.61 (d, ] = 12.6 Hz, 2H),
7.23-7.69 (m, 20H).

For assignments see Figure 2.10.

13C NMR (151 MHz, CD;CN) 6 =18.9, 20.8, 35.4, 55.7, 56.1, 59.1, 63.2, 63.6, 129.2, 130.1,
130.2,130.4, 131.6, 131.9, 133.6, 133.7.

2.4.17 Crystallographic Information

The X-ray intensity data were measured at the temperatures given in Table 2.3 using
an Oxford Cryosystems low temperature device using a MiTeGen micromount. See
Table 2.3 for collection parameters and exposure time. Bruker APEX software was used
to correct for Lorentz and polarization effects. Data were corrected for absorption effects
using the Multi-Scan method (SADABS). The structures were solved and refined using
the Bruker SHELXTL Software Package
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Table 2.3: Crystal data and refinement parameters for 22, 20, [4-H](PF4) and [4-2H]((OTf),)

20

2 [4-HI(PF,) [4-2H]((OT),)
Empirical formula C16H45Br,Ng CyoHyeBry - 65Clg - 30N>04S, C3HyyFeN5P C3gHy5F N3OS,
Formula weight 879.94 515.05 663.71 817.89
Temperature / K 100(2) 100(2) 100(2) 100(2)
Crystal system Trigonal Monoclinic Monoclinic Monoclinic
Space group R3 P2,/c P2,/c P2, /c

Unit cell dimensions

Volume / A3

V4

Density (calculated) / Mg m?
Crystal Size / mm?
Reflections collected
Independent reflections
Final R indices [1>20(I)]

R indices (all data)

a=10.9261(5) A
b =17.0382(7) A
c=12.3817(3) A
o= 90°
p=90°
v=120°
7566.0(11)
9
1.738
0.100 x 0.100 x 0.150
25098
3863 [Ryint) = 0.0281]
R; =0.0337 wR, =0.0742
R; =0.0429 wR, =0.0777

a=10.9164(3) A
b =16.2651(4) A
¢ =19.0039(5) A
o= 90°
= 96.0531(13)°
v=90°
2351.51(17)
4
1.455
00.220 x 0.150 x 0.100
31099
4316 [Rying) = 0.0410]
R; =0.0488 wR, =0.1115
R; =0.0505 wR, =0.1124

a=11.1337(5) A
b = 124.2066(10) A
¢ =15.0351(6) A
a=90°
B=93.2134(9)°
v=90°
3368.96(15)
4
1.309
0.16 x 0.08 x 0.05
122896
6919 [R(iny = 0.0.0212]

R; =0.0482 wR;=0.1204 R; =0.0372 wR; =0.0899
R; =0.0533 wR;=0.1252 R; =0.0520 wR; =0.0989

a=19.6192(13) A

b =19.6192(13) A

c=22.6973(15) A
a=90°

p=107.5700(10)°

v=90°

3863.1(3)

4
1.406

0.260 x 0.240 x 0.220

185743

11856 [R(int) = 0.0381]




Chapter 3

An Investigation Into the
Coordination Behaviour of Two

1,5-Diaza Mesocyclic Ligands

Publications resulting from work in this Chapter: Andrew D. Ure, Isabel Abnades

Lzaro, Michelle Cotter, Aidan R. McDonald, Org. Biomol. Chem. 2016, 14, 483-494.
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3.1 Introduction

Figure 3.1: Representative examples of tridentate ligands. Thermal ellipsoid diagrams
with ellipsoids shown at the 50% probability level. Counter anions and H-atoms have
been ommited for clarity. a) [Ni(TAME),](C1),2%? b) [Co(guanTAME)(Cl)](OTf)175 C)
[Cu(L8)CI](BPhy) ' N-isopropyl group has been ommited for clarity.

In Chapter 1, we outlined a set of criteria that we believe, if met, would lead to the
formation of stable terminal late transition metal-oxos. A key facet of this argument
relied on our ability to synthesise pseudo-tetrahedral precursor complexes. Importantly,
these precursor complexes must contain a vacant coordination site so as to facilitate the
introduction of the oxo moiety. In order to achieve this, we reasoned that we would
first require tridentate nitrogen donor ligands that are capable of binding metals in a
tripodal manner. Several notable examples of this type of ligand exist in the literature
and representative crystal structures of these are shown in Figure 3.1. Figure 3.1a
shows the crystal structure of [Ni(TAME),](Cl,). This represents the typical binding
mode of 1,1,1-tris(aminomethyl)ethane (TAME), which forms octahedral, 2:1 ligand

202 This is a result of the lack of steric bulk associated with

to metal complexes.
this ligand framework. Monoalkylation of each of the amino groups in TAME to
give N,N’,N”-Trimethyl-1,1,1-tris(aminomethyl)ethane (MesTAME), failed to prevent
the formation of 2:1 complexes while peralkylation of TAME to give 1,1,1-tris(N,N-
dimethylamino)methylethane (Mes TAME) resulted in the ligand binding in a bidentate
mode.'”* This demonstrated that simply alkylating the amino groups of TAME was

not a sufficient strategy to gain control over the coordination behaviour of this ligand.
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Conversion of the amino functionalities in TAME to tetramethylguanidine groups
gave 1,1,1-tris(2N- 1,1,3,3-tetramethylguanidino) methylethane (guanTAME). The
corresponding cobalt complex, [Co(guanTAME)CI1](OTY), is shown in Figure 3.1b.'7° In
obtaining the crystal structure of this complex it was demonstrated that guanTAME was
capable of forming pseudo-tetrahedral metal complexes, albeit with a bound chloride
in the axial position. This is most likely due to the increased steric bulk of the
tetramethyl guanidine groups, which prevented the binding of a second molecule of
guanTAME. These results suggested that with the correct ligand design, the TAME
framework was capable of forming 1:1 complexes. However, in addition to this report
of a pseudo-tetrahedral complex of guanTAME, other reports have described the binding
of guanTAME in a bidentate manner. 17® From our perspective, this is undesirable as we

require our ligand to bind reliably in a tripodal manner.

Interestingly, the Itoh group have reported the synthesis of a variety of Cu' and Cu"
complexes of 1-isopropyl-5-(2-(pyridin-2-yl)ethyl)-1,5-diazocane (L8), based on the 1,5-
diazacyclooctane (DACO) framework (Figure 3.2.1771%0 An X-ray crystal structure
of a representative example of one of these complexes, [Cu(L8)Cl](BPhy), is shown
in Figure 3.1¢c.1%? 1.8 binds to the metal via an N3 donor set, resulting in distorted
tetrahedral metal complexes. Importantly, on reaction with O,, the Cu' complexes have
been shown to form mononuclear end-on Cu-superoxo species. -1 In contrast, the
Itoh group also showed that complexes of the seven membered ring analogue of L8 gave
rise to a bis(p-oxido) dicopper(Ill) species upon reaction with O,.158 This difference in

reactivity was attributed to the subtle differences in molecular geometry afforded by the

Z _Z

~
\/N{

|L8l

4

Figure 3.2: A chemdraw representation of 1-isopropyl-5-(2-(pyridin-2-yl)ethyl)-1,5-
diazocane (L8). This ligand has been shown to stabilise a Cu " -superoxo species by
the Itoh group. 157-160
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Figure 3.3: Ligands 2 and 4 synthesised in Chapter 2.

variation in ring size. In particular, the N-N distance within the cyclic diamine moiety
of L8 (2.9 A) was shown to be a key factor in driving the formation of the mononuclear
species. While this family of complexes has be utilised to significantly advance our
understanding of the reactivity of mononuclear copper-oxygen adducts, the system can
not stabilise a terminal Cu-oxo species, as the ligand framework has been shown to be

highly susceptible to oxidation. 157,159,160

In Chapter 2 we reported the synthesis of two new ligands, 2 and 4, which we believed
would overcome the drawbacks of the tridentate, tripodal ligands discussed above.
The triamines 2 and 4 incorporated several design features that we believed would
tavour the stabilisation of late transition metal-oxo species which, we argue will form
potent oxidants. Both triamines 2 and 4 can be considered as derivatives of TAME in
which we have linked two of the amino groups with a propane linker. In doing so, we
have introduced a DACO mesocyclic moiety into our ligand design which, we believed
would provide these ligands with a higher degree of structural pre-organisation with
regards to complex formation (c.f. TAME). We reasoned that this would encourage
the consistent binding of triamines 2 and 4 in a tripodal manner. We postulated that
this would overcome the issue of variable denticity which has been observed in TAME
and guanTAME. Additionally, we believed that inclusion of the DACO moiety would
provide additional steric bulk to the ligand framework and prevent the formation of 2:1
complexes. We also showed that the steric bulk of the ligand could be readily tuned
through N-alkylation of 2 to give 4, which should allow us to carefully control the steric

and electronic properties of the ligands and consequently, the resulting complexes.

In this chapter, we describe our investigations into the coordination chemistry of the
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two ligands, 2 and 4, synthesised in Chapter 2. While the overall goal of this project
relates to the synthesis of late transition metal complexes, we wished to develop a
thorough understanding of the coordination chemistry of 2, in order to help evaluate

and guide our ligand design.
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3.2 Synthesis and Characterisation of Coordination

Complexes of 2.

3.2.1 Iron Complexes of 2

™ ) !
%NH THF, r.t,, H™ H x A AN
2 .
10 mins SH
2 24 (59%) 25

Scheme 3.1: Synthesis of Iron complexes of 2. The drawn products, 24 and 25 were
identified by x-ray crystallography. The yield reflects the total yield of the two products.

We reacted a colourless solution 2 in tetrahydrofuran (THF) with an orange/brown
THF solution of anhydrous FeCl,. Upon mixing, the intense colour of the reaction
mixture began to fade to pale yellow. After 10 minutes, addition of diethyl ether caused
the precipitation of a pale yellow solid. This precipitate was analysed by 'H nuclear

magnetic resonance (NMR) spectroscopy.

Figure 3.4 shows the paramagnetically shifted 'H NMR spectrum of the product of
the reaction shown in Scheme 3.1. Compared to a standard 'H NMR spectrum, these
signals are considerably broadened and spread over a wide ppm range. This is a result
of the presence of unpaired electrons within the sample. The interaction of unpaired
spin density on the metal with the 'H nuclear spin significantly reduces the relaxation

time of the protons within the molecule.?%

Therefore, in order to obtain a spectrum,
experimental parameters must first be modified. Namely, a short aquisition time and
short delay time are utilised. This allows the resonances to be observed in what is

known as a paramagnetically shifted "H NMR spectrum.

Due to the broad nature of the peaks, the integration of the peaks in paramagnetically
shifted '"H NMR spectra is unreliable and any fine structure as a result of nuclear

coupling is lost. Nevertheless, Figure 3.4 still provides a wealth of information. The
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Figure 3.4: A Paramagnetically shifted 'H NMR spectrum of the reaction product from
Scheme 3.1 (24/25). CD;CN 400 MHz. The inset indicates the expected number of
distinct proton environments in the supporting ligand.

structure of the ligand (22) is shown in the inset of Figure 3.4. We would expect to
observe resonances for each of the proton environments indicated in Figure 3.4, giving
a total of eight expected aliphatic signals. In addition, we may expect to see a further
two resonances from the N-H and NH, protons. Ten discrete signals were observed in
Figure 3.4, which indicated the presence of ten unequivalent proton environments in the
reaction product. This is consistent with the expected number of signals for the desired
reaction product. Furthermore, the correct number of signals suggests the presence of

a single species in solution.

Our efforts to further characterise 24 by fourier transform infrared (FI-IR) or
electrospray ionisation mass spectrometry (ESI-MS) were significantly hampered by the
sensitivity of the complex to O,. Samples prepared for both FT-IR and ESI-MS changed
colour before analysis was carried out, which suggested that the product had been
oxidised. Fortunately however, we were able to obtain single crystals suitable for X-ray

diffraction. Pale yellow, block-like single crystals of 24/25 were grown by layering an
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Table 3.1: Selected bond lengths, angles and interatomic distances for 24 and 25

24 25

Fel-N1/A 2.1355(12) ]
Fel-N2/ A 2.1388(12) ;
Fel-N3/ A 2.2476(12) ;
Fe2-NT'/ A ] 2.1537(13)
Fe2-N2'/ A - 2.1953(11)
Fe2-N3'/ A ; 2.2335(12)
N1-N2 Distance / A 2.79 2.78
Mean N-N3 Distance / A 3.07 3.07
Fold Angle/° 112.8 111.5
Fe-NNN Plane Distance / A 1.82 1.83
Fe-Fe Distance / A - 3.72

acetonitrile (MeCN) solution of the reaction product from Scheme 3.1 with diethyl ether
(Et2O). This product was found to crystalise in the monoclinic space group P2;/c. The
resulting X-ray structures are shown in Figure 3.5. Selected bond lengths, angles and
interatomic distances are shown in Table 3.1. Crystal data and refinement parameters

are given in Table 3.5 in the experimental section of this chapter.

The asymmetric unit was found to consist of two neutral fragments. Figure 3.5a shows

the monomeric fragment which consists of a mononuclear Fe' centre ligated by 2 in a

b) ci

24 25

Figure 3.5: Thermal ellipsoid plots of 24/25. a) Shows the monomeric fragment
observed in the unit cell. b) Shows the yu;-chloro bridged dimeric unit observed in the
unit cell. Ellipsoids are shown at the 50% probability level. Hydrogen atoms have been
omitted for clarity.
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tridentate fashion. The coordination sphere of the metal atom is completed by two axial
chloride ligands, resulting in a 5 coordinate iron centre. The coordination geometry of
the metal centre was evaluated using the T geometry index.?* In the case of 5 coordinate
complexes, the metal can either be trigonal bipyramidal (t5 = 1) or square pyramidal (t5
= 0). For 24, it was calculated that t5 = 0.25. This suggested that the metal centre in

204 The mean Fe-N distance in 24 is

24 was in a distorted square pyramidal geometry.
2.17 A, which is shorter than that previously reported for the similar 1,4,7-triisopropyl-
1,4,7-triazcyclononane (P*TACN) complex [FeH(iPr3TACN)C12] complex (2.26 A).2%
Furthermore, the metal atom in 24 was shown to sit 1.82 A out of the plane of the
nitrogen atoms compared to 1.71 A in [Fe("TACN)Cl,]. This is a result of the
relatively short and N1-N2 distance (2.79 A) enforced by the rigidity of the DACO ring,

which forces the metal atom out of the plane in order to accommodate the Fe-N bonds.

Figure 3.5b shows the dimeric fragment which consisted of two distorted octahedral Fe'"
centres. The metal centres are bridged by two chlorides. The coordination sphere of the
iron atom is completed by the tridentate 2 and an additional axial chloride ligand. The
two triamine ligands (2) are symmetry equivalent, related through an inversion centre
at the bridging chlorides. A similar diiron core has been reported for a diiron 1,4,8-
triazacycloundecane (TACUD) complex, [(Fe),(TACUD),(1—Cl),Cl,].?% The mean Fe-
N bond distance in 25 is 2.19 A and is similar to that reported in the TACUD complex
(2.21A). The distances are typical of high spin Fe'' bound to nitrogen. The metal atom in
25 sits 1.83 A out of the nitrogen plane and is similar to that observed for 24 as well as
the previously reported TACUD complex (1.88 A). The mean Fe2-C12/CI2’ bond length
was found to be 0.08 A longer than would be expected, when compared to previously
reported values.?% We attributed this to the higher steric bulk of 2 forcing the metal
centres apart and consequently, increasing the bond length. The C-N-C fold angle of
the DACO ring is similar to those previously reported for complexes containing the
DACO moiety. Furthermore, the C-N-C fold angles found in 24 and 25 is similar to
those observed in the structures of the unbound 20, [4-H](PF;) and [4-2H]((OTf),). This
suggests that the binding of the metal does not cause significant strain to the ligand

framework. Obtaining this crystal structure was an important step as it demonstrated
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that the ligand backbone is capable of binding metals in a tripodal manner. However, it

also showed that 2 lacks the steric bulk to prevent the formation of dinuclear complexes.

The fact that two products, 24 and 25 were obtained in the solid state raised the question
of which of these species is persistent in solution. The spectrum obtained (Figure 3.4)
displayed sharp peaks and a low number of signals which suggested that either only
one of the monomer or dimer is present or alternatively, they are exchanging faster
than the NMR time-scale and the signals observed were an average of the two. The
Fe', d°, square pyramidal monomer would most likely posses a high spin S = 1 iron
centre. This is based on the distribution of the 6 d-electrons into d-orbitals within a
square pyramidal ligand field resulting in two unpaired electrons. Previously isolated
square pyramidal Fe'' complexes with a similar N5Cl, donor set have displayed the
same S = 1 ground state.??” Therefore, we would expect 24 to give a paramagnetically
shifted '"HNMR spectrum, like that observed in Figure 3.4. The dimeric unit on the
other hand will possess two S = 2 centres, based on the distribution of the 6 d- electrons
into the d-orbitals in an octahedral ligand field. These centres could either be coupled
antiferromagnetically, resulting in an overall spin state of zero, or ferromagnetically
to give a non-zero spin state. The observation of a paramagnetically shifted 'H
NMR spectrum suggests the absence of any strong antiferromagnetic interactions at
room temperature. This is in agreement with the literature reports of similar diiron
cores suggest that these centres are weakly ferromagnetically coupled, which would
give rise to a paramagnetically shifted 'H NMR spectrum. Therefore, based on the
NMR data presented here it is not possible to conclude which of these species is
present in solution. Interestingly however, Chavez and co-workers reported that the
[(Fe),(TACUD),(u—Cl),Cl,] dimer was not stable in polar or coordinating solvents.
Instead, under these conditions, the formation of a mononuclear species was observed.
As the "H NMR spectrum shown in Figure 3.4 was collected in CD;CN, which is both
polar and coordinating, and the spectrum was indicative of the presence of only one

species it is probable that this was the monomeric, 24.
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3.2.2 Nickel(II) Complexes of 2.

We next attempted the reaction of 2 with [Ni(OAc),]. We chose to carry out this
reaction with [Ni(OAc),] rather than [NiCl,] owing to its superior solubility in THF. We
reacted a solution of 2 in THF with a pale green suspension of Ni(OAc), in THF. Upon
stirring, the solution gradually turned dark blue, accompanied by the dissolution of
the sparingly soluble nickel salt. This indicated that a reaction had taken place. After
stirring for 1 hour, addition of a large excess of anhydrous diethyl ether caused the
formation of a blue precipitate. The nominal mass ESI-MS showed a dominant peak at
m/z = 274 with an isotopic pattern corresponding to that expected for nickel. We have
assigned this as [Ni(2)(OAc)]* (expected m/z = 274). None of the other minor peaks in
the spectrum could be reasonably assigned to other structures containing Nickel as the

isotopic pattern did not match that which would be expected.

The 'H NMR spectrum of 26 is shown in Figure 3.6. In general, relatively sharp
and well resolved paramagnetically shifted 'H NMR signals are only observed for
high-spin pseudo-tetrahedral or square pyramidal complexes of Ni'. In the case of
octahedral complexes, the observed resonances are usually significantly broadened in
comparison.?% Given that 22 formed a square pyramidal complex with Fe (24), this data
suggested that a square pyramidal Ni"" complex was most likely persistent in solution.
A total of eight discrete signals were observed in the spectrum. We assign these as
resulting from the eight expected aliphatic resonances of the ligand, 2, indicated in
Figure 3.6. Therefore, the spectrum shown in Figure 3.6 corroborates the structure

proposed of 26 from ESI-MS.

/\ l_\| (l)AC
. OAc
—- \H
NH THF, r.t., H
2 1 hour
2 26 (68%)

Scheme 3.2: Synthesis of the nickel(II) complex, 26.
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We next attempted to grow single crystals of 26. The blue precipitate obtained from
the reaction shown in Scheme 3.2 was dissolved in acetonitrile. Diethyl ether was then
allowed to slowly diffuse into this solution. This resulted in the formation of blue block-
like single crystals. Curiously, X-ray analysis showed that these crystals consisted of a
nickel cubane type structure, shown in Figure 3.7, rather than the monomer proposed
on the basis of ESI-MS and 'H NMR spectrum. The nickel cubane 27 was found to
crystallise in the tetragonal space group 141 /a. Selected bond lengths and inter atomic
distances are shown in Table 3.2. Crystal data and refinement parameters are given in
Table 3.5 in the experimental section of this chapter. The structure obtained form single
crystal X-ray analysis has the general formula [Niy(2),(x,—OH),](OAc),. Each of the
nickel atoms is coordinated by one molecule of 2 which caps one face of the octahedron
while three u3-hydroxide ligands complete the coordination sphere, resulting in an
octahedral Ni'' centre (Figure 3.7a). These nickel centres were assembled into a tetra

nickel cubane structure Figure 3.7b. Several examples of p3-hydroxide nickel cubane

T T T
150 100 50 (1] -50
Chemical Shift (ppm)

Figure 3.6: A Paramagnetically shifted "H NMR spectrum of 26. CD;CN 400 MHz. The
inset indicates the number of unique proton environments in the supporting ligand.
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Figure 3.7: Thermal ellipsoid plot of the nickel complex 27. a) Shows the y3-hydroxo
tetra nickel cubane structure. b) Shows the octahedral nickel centre which forms the
nickel cubane. Ellipsoids are shown at the 50% probability level. Hydrogen atoms and
counter anions have been omitted for clarity.

structures have previously been reported in the literature.2%8-210 27 represented a rare
example in which the nickel centres were not bridged by the organic ligand; only
one other example of which has previously been reported.?!! The mean Ni-N bond
length, 2.13 A, is comparable to that of similar previously reported structures and
is normal compared with the value expected for nitrogen bound to Ni'. Similarly,
the mean Ni-O bond length (2.08 A) is in close agreement with those previously
reported.?!! The Nil-N1 and Nil-N2 bond lengths (Table 3.2), are markedly longer
than those observed in previously reported complexes of unalkylated DACO with
Nill e.g. [Ni'(DACO),](CIO,), (~1.97 A). However, this is likely a result of the fact

Table 3.2: Selected bond lengths and interatomic distances for 27

27
Nil-N1/A 2.080(4)
Ni1-N2/A 2.145(4)

-Nil-N3 /A 2.164(4)
N1-N2/A 2.75
Fold Angle/° 110.2

Ni-NNN Plane Distance / A 1.76
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that [NiH(DACO)z](ClO4)2 was square planar whereas 27 is octahedral. This results in
longer metal-ligand bonds in the octahedral complex owing to the presence of more
unfavourable steric and electronic interactions due to the greater number of ligands.
The N1-N2 distance measured in 27 falls within the range of values which have been
previously reported for [NiH(DACO)Z](ClO4)2 complexes and is comparable to that
observed for 24 and 25.'%¢ Similarly, the C-N-C fold angle is similar to those previously
discussed. This again highlights the rigidity of the DACO ring. However, the nickel
atom in 27 sits 1.76 A out of the plane of the nitrogen atoms, which is considerably
shorter than observed for 24 or 25. This suggests that while the DACO ring itself is

rigid, the remainder of the ligand architecture is slightly flexible.

Given that the 'H NMR spectrum (Figure 3.6) suggested that the species observed in
the spectra was not octahedral, given that relatively sharp paramagnetically shifted 'H
NMR signals were observed, and that ESI-MS data gave no indication for the presence
of 27, the acquisition of the crystal structure in which the nickel atoms were all in
an octahedral coordination environment (Figure 3.7) was rather curious. Analysis of
the samples using FT-IR suggested that this transformation had occurred during the
recrystallisation process. Figure 3.8a and Figure 3.8b show the FTI-IR spectra of 2

and [Ni(OAc),] respectively. The [Ni(OAc),] spectrum was assigned in conjunction

)
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Figure 3.8: FT-IR Spectra of 26 and related compounds. Left: full spectrum. Right:
Expansion of the acetate vibrations region. a) FI-IR spectrum of 2; b) FI-IR spectrum of
Ni(OAc),; ¢) FT-IR spectrum of 26; d) FI-IR spectrum of 27.
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with the previously reported literature values. Vibrations at 1526 cmt (v AsymmCOO")
and 1394 cm! (VsymmCOO") were clearly identifiable. Figure 3.8c shows the FT-IR of
26. Importantly, bands for vAsymmCOO" (1551 cm™) and VsymmCOO™ (1389 cm) were
both present and had shifted from those observed for [Ni(OAc),]. Furthermore, the
large difference between vasymmCOO™ and veymmCOO™ (162 cm!) was indicative of
the acetate ligand biding in an end-on manner, as proposed in Scheme 3.2. The FT-
IR spectrum of 27 is shown in Figure 3.8d. Notably, a broad hydroxide vibration at
~3250 cm™! was observed which we ascribed to the presence of the 3-OH groups in
27. Importantly, this band was not observed in Figure 3.8c. Furthermore, vasymmCOO
(1544 cm™) and VsymmCOO™ (1402 cm™) were both observed to shift compared to 26.
This suggests that there are structural differences between complexes 26 and 27. These
subtle yet important differences between Figure 3.8c and Figure 3.8d suggested that
the transformation from the mononuclear 26 to the tetranuclear 27 via the inclusion of
13-OH bridges had occurred during the recrystallisation process. We have attributed
this to the presence of adventitious water. Thus, the FI-IR data (Figure 3.8) shows
that the crystal structure obtained for 27 does not contradict our assignment of the 'H
NMR spectrum and ESI-MS data in the formulation of 26. However, further studies are

required in order to confirm the identity of 26.

3.2.3 Copper Complexes of 2.

After our success in synthesising the iron and nickel complexes discussed above,

we next attempted to react 2 with salts of copper. Owing to its d' configuration,

H ®
HN/\NH [CU(MeCN)](PEq) 4N N, Hi oo
§<NH2 DCM, rt. H™ \a_J H °
2

Scheme 3.3: The failed synthesis of Cu' complexes of 2. This reaction was found to lead
to the disproportionation of Cu.
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Cu' generally has a preference for forming tetrahedral complexes.?'? Therefore, we
attempted the reaction of 2 with [CuI(MeCN)4](PF6). A solution of 2 in dichloromethane
(DCM) was added to a suspension of [CuI(MeCN)4](PF6), also in DCM. Upon mixing,
the colour of the solution gradually became deep blue and a dark red precipitate
began to adhere to the sides of the reaction vessel. We believe that this is a result
of the disproportionation of the Cu' starting material into Cu’ and unidentified
Cu" products. Similar observations have previously been made by Tolman and co-
workers.?!? Disappointingly, the same outcome was observed regardless of the [Cu'X]

starting material employed (X = CI', I', 1,1,1-trifluoromethane sulphonate (OTf)).

As the results discussed above suggested that 2 was not capable of stabilising the Cu'
oxidation state, we next examined its reactivity towards Cu'’ salts. A colourless solution
of 2 in DCM was mixed with a DCM suspension of [Cu(OAc),]. An immediate colour
change to deep blue was observed, suggesting complexation had occurred. Addition of
a large excess of diethyl ether resulted in the formation of a blue precipitate. Nominal
mass ESI-MS analysis of this precipitate gave a peak at m/z = 279 with an isotopic
pattern expected of copper. We assigned this peak as corresponding to [Cu(2)(OAc)]"
(expected m/z = 279). In an attempt to grow single crystals of this product, the
remainder of the sample was dissolved in DCM and layered with Et;O. Needle like
single crystals grew over the period of one week and were analysed by X-ray diffraction.
Surprisingly, the structure obtained did not correspond to that predicted by ESI-MS.
The crystallographically determined structure is shown in Figure 3.9. Analysis of this
structure revealed a five-coordinate copper centre, ligated by two organic moieties. In
the first of these, three nitrogen atoms N1, N2 and N3 all form part of one molecule

of 2, which binds the metal in a tridentate fashion (Figure 3.9a), as has been shown in

H OAC
HN/\NH Cu(OAc) 4\ N u\o,ﬁ‘c
%NHZ DCM, 10 mins, \%—J H
r.t.
2 28 (72%)

Scheme 3.4: The synthesis of a Cu"" complex of 2.
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the complexes of iron (24/25) and nickel (27) discussed above. However, the second
organic moiety is a modified analogue of 2, where two adjacent nitrogen atoms (N5
and N6) have been connected by a methylene linker, forming an aminal (Figure 3.9b).
Consequently, this second ligand is bound in a bidentate manner, through only one of
the nitrogens belonging to the DACO ring (N4) as well the formerly exo-cyclic nitrogen,
N6, which is now part of a six-membered ring. Closer inspection of the crystal structure
revealed that while the initial reaction was carried out using [Cu(OAc),], the +2 charge
in 29 was balanced by two chloride anions. This suggests that the origin of the newly
installed aminal group was most likely the solvent, DCM. Importantly, no peaks with
m/z that could be attributed to 29 were found in the ESI-MS. While there is literature
precedent for the reaction of DCM with amines to give aminals, it has been shown
that these reactions are generally slow therefore, do not require consideration when
employing DCM as a solvent to be used with amines.?!* However, in this instance the
rate of the reaction may be significantly increased due to hydrogen bonding between
the hydrogen atoms from the amino groups of the DACO moiety and the chloride

leaving groups from DCM. This has been demonstrated to have a marked effect on

29

Figure 3.9: Thermal ellipsoid plot of 29. a) Illustrates the tridentate binding mode of
2. b) Highlights the aminal formation between N5 and N6. Ellipsoids are shown at the
50% probability level. Hydrogen atoms have been removed for clarity.
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Table 3.3: Selected bond lengths and interatomic distances for 29

29
Cul-N1/A 2.067(4)
Cul-N2/A 2.038(4)
Cul-N3/A 2.209(10)
Cul-N3' /A 2.199(11)

-Cul-N4/A 2.043(4)
Cul-N5/A 2.039(4)
Cul-N6/A 2.067(4)
N1-N2/A 2.71
Fold Angle / ° 111.076

Cu-NNN Plane Distance / A 1.85

the rate of fixation of DCM by macrocyclic amines in the Menshutskin reaction.?!®

Importantly, this also supported our hypothesis that aminal formation was responsible
for the failure of the Eschweiler-Clarke methylation reactions in 2.2.3 as it demonstrated

the feasibility of this intramolecular reaction.

Despite the fact that this side reaction had occurred, 29 still presented a useful example
to examine the coordination chemistry of 2. 29 crystallised in the monoclinic space
group C,/c. Selected bond lengths and distances are shown in Table 3.3. Crystal data
and refinement parameters are given in Table 3.5 in the experimental section of this
chapter. The exo-cyclic amino group (N3 and N3’) was found to be split in two positions
equally. The copper centre was shown to be five coordinate, and square pyramidal (5
= 0.02) with the metal atom found to sit approximately 1.85 A out of the plane of the
nitrogen atoms, similar to the iron complexes discussed above. The Cul-N bonds to
all N atoms except N3/N3’ show bond lengths expected for nitrogen atoms bound to
Cu" (~ 2.0A).216157 The Cu1-N3/N3’ bonds are elongated (~ 2.2A) due to a Jahn-Teller
distortion, as this nitrogen atom binds in the axial position of the square pyramid. The
formation of the aminal in Figure 3.9 clearly illustrated that DCM was a poor choice
of solvent for recrystallising 28. Therefore, we recrystallised the precipitate obtained
from the reaction shown in Figure 3.9 in MeCN/Et,O. Single crystals were obtained
and analysed by X-ray diffraction. Unfortunately, the data collected was indicative of

heavy twinning within the crystal lattice and no satisfactory solution could be found.
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Scheme 3.5: Synthesis of 30; a Cu" complex 2.

Consequently, we attempted the recrystallisation process utilising both co-solvents and
entirely different solvent systems in order to circumvent this issue however, no single
crystal growth resulted from these experiments. As a result of this, we repeated the
experiment with a different Cu' salt, [Cu(OTH),] (Scheme 3.5). A colourless solution
of 2 in DCM was mixed with a DCM suspension of Cu(OTf),. An immediate colour
change to deep blue was observed. Addition of a large excess of Et;O caused the
precipitation of a blue solid. This solid was recrystallised by layering a MeCN solution
of the precipitate with Et,O. Gratifyingly, we were able to obtain single crystals suitable

for X-ray analysis. Unfortunately, we encountered difficulties in mounting the crystals.

30

Figure 3.10: Connectivity diagram for 30, illustrating the coordination environment
around the copper centre. Obtained via X-ray diffraction.
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The morphology of the crystals appeared to visibly change after they were removed
from the mother liquor. While we were able to collect a complete data set, the structure
solution we obtained from this data was unsatisfactory. The reasons for this are as
follows. A significant amount of disorder was observed in the triflate anions found
in the asymmetric unit and consequently, they were modelled using a large number
of constraints and restraints. Similarly, a twinned fragment of 30 was present in the
asymmetric unit which also had to be modelled with a high number of constraints and
restraints. This meant that the model resulting from refinement of the X-ray data could
not be used to determine bond lengths or angles. Nevertheless, we were able to obtain
the connectivity diagram for 30 shown in Figure 3.10. While the bond lengths and
angles are unreliable, this data can be used to elucidate the coordination environment
of the copper centre. Importantly, the diagram shown in Figure 3.10 indicated that the
copper centre was five-coordinate and in approximate square pyramidal geometry. This
is in line with the data was collected on other monometallic species (24 and 29) vide
supra. In obtaining this structure, we demonstrated that isolation of a monometallic
complex of 2 was a feasible target should appropriate reaction conditions be employed
this included, avoiding the use of dichloromethane as a solvent, the complete exclusion
of adventitious water and avoiding the use of potentially bridging ligands (e.g. OAc,
CI” etc.). However, unfortunately to date we have yet to isolate such a mononuclear

Cu" species.

3.24 A Zinc Complex of Triamine 2.

H
N \ Cl ]
HN  NH ZnCl, ezinc
§<NH2 THF, 10 mins, H™ \a_J H
rt
2 31 (85%)

Scheme 3.6: Synthesis of 31, a Zn" complex of 2.

We next moved to investigate the synthesis of Zn'' complexes of 2. We reasoned that
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this would allow us the unique opportunity to investigate the coordination chemistry of
this ligand using 'H NMR as the d'° configuration renders these complexes diamagnetic.
For comparison, the Fell, Nif and Cul! complexes discussed above were all found to be

paramagnetic.

N-H

4/4’ J

T T T T T T T T T T T T T T T T T T T T T T T T T T T
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Figure 3.11: "H NMR spectrum of 31. a) Shows the "H NMR spectrum of 2 (CD;CN 400
MHZz); b) a) Shows the 'H NMR spectrum of 31 (CD;CN 400 MHz).

Towards this goal, we reacted 2 with [ZnCl, in anhydrous THF. Addition of Et,O
afforded a white precipitate. The supernatant was decanted and the resulting powder
dried under vacuum. Nominal mass ESI-MS showed a peak at m/z = 256 which we have
assigned as [Zn(2)Cl]* (expected m/z = 256) which confirmed the identity of 31. The 'H
NMR spectrum of the resulting precipitate (31) is shown in Figure 3.11b while the 'H
NMR spectrum of 2 is shown in Figure 3.11a. The resonances for both 2 and 31 were
assigned in conjunction with their respective heteronuclear single quantum coherence
(HSQC) and heteronuclear multiple-bond correlation (HMBC) spectra. Importantly, the
resonances associated with the DACO ring in 31 were split into diastereotopic pairs, as

was the case for [4-H](PF¢) and [4-2H]((OTf),). Signals corresponding to H; /»-, H3 /3 and
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Figure 3.12: FT-IR spectrum of 31. a) Shows the FT-IR spectrum of 2; b) Shows the FT-IR
spectrum of 31. Assignments correspond to the structure shown in the inset.

Hy,4 all showed pairs of signals corresponding to each of the diastereotopic protons.
This result is indicative of complexation of zinc by the nitrogen atoms in the DACO
ring. This significant difference in chemical shift for each proton of the diastereotopic
pair is a result of inequivalent local magnetic anisotropy on each face of the ring, due to
the presence of the metal atom. Furthermore, Hs in 31 is shifted significantly downfield
compared with the corresponding signal, while the exo-cyclic methyl signal, H; shifted
only slightly. The signals associated with the N-H protons are also shifted significantly
downfield. This is indicative of coordination of the nitrogen atoms as donation of
the lone pairs to the metal results in deshielding of the associated proton signals. We
suggest that 31 is most likely square pyramidal. This is based on the crystal structures of
24 and 29, the connectivity diagram for 30, as well as previously reported structures of
TAME derivatives with ZnCl, which have all displayed this geometry.'”* Importantly,
this diamagnetic NMR data corroborates the assignment paramagnetically shifted 'H

resonances reported for 24/25 and 26 in Figure 3.4 and Figure 3.6 respectively, as it
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confirmed that eight C-H signals are expected from the aliphatic skeleton of 2 when
coordinated to a metal. This was the number of signals observed in the "H NMR
spectra of 24/25 and 26. We also investigated the conformational flexibility of 31
using selective nuclear Overhauser effect (NOE) NMR experiments. Irradiating the
multiplet at 1.76 ppm corresponding to Hy showed through space coupling only to
its diastereotopic counterpart Hy and the geminal Hj,3. This is in stark contrast to 2,
in which Hy /4 showed through space coupling to all of the other protons within the
molecule. This strongly suggests that complexation of zinc by 2 significantly reduces

the conformational flexibility of the DACO ring.

The FI-IR spectrum of 31 is shown in Figure 3.12 and is also highly indicative of
complex formation. Notably, the amine stretching frequencies at 3253 and 2931 cm™ in
31 (Figure 3.11b) show a significant reduction in intensity compared with the starting
material, 2 (Figure 3.12b). This has been previously reported as being characteristic of
amines binding to a metal centre and therefore suggests that the reaction (Scheme 3.6)
leads to the formation of 31.17# The ESI-MS, "H NMR and FT-IR spectra reported above
are all indicative of formation of a zinc complex of 2. Unfortunately, to date, we have

been unsuccessful in our attempts to grow single crystals of 31.
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3.3 Synthesis and Characterisation of a Copper(l)

Complex of 4.

Figure 3.13: A chemdraw representation of 32, which was only observed by ESI-MS.

As the X-ray structures of complexes containing 2 shown above suggested, while 2
could bind metals in a facially capping manner, the steric bulk associated with the
amine donor atoms was insufficient to either prevent bridging between metal centres or
promote the formation of low coordinate, pseudo-tetrahedral complexes. Consequently,

we moved on to examine the reactivity of the tetraalkylated 4.

..................

@

R\ﬁ : 5

R_N/\N_R [Cu(MeCN)4](PFs) N R ‘R = }{\© ;
Cu— S\/ "R : ;

NR, DCM, rl'? mins, -

4 33(65%)

Scheme 3.7: Synthesis of 33.

The alkylated triamine 4 was reacted with [CuI(MeCN)4](OTf) in anhydrous MeCN.
Upon addition of a solution of 4 to the copper salt an immediate colour change from
colourless to yellow was observed. ESI-MS analysis of an aliquot of this reaction
mixture indicated a peak at m/z = 621 with an isotopic pattern typical of copper, which
we assigned as [CuI(4)(MeCN)]Jr (expected m/z = 621) (Figure 3.13C). Encouragingly, no
2:1 (ligand:metal) species were observed in the ESI-MS spectra. Taken in conjunction

with the X-ray structures determined for 2, these observations suggested that 4 bound
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Figure 3.14: 'H NMR spectrum of 33. a) Shows the 'H NMR spectrum of 4; b) Shows
the 'H NMR spectrum of 33. CDCl, 400 MHz.

the metal centre as a tripod yielding a four-coordinate complex. Unfortunately, work-

up of this reaction mixture did not yield the desired complex.

Consequently, the same reaction was repeated utilising DCM as the reaction solvent
(MeCN was eliminated from the reaction as we suspect the complex is unstable in
MeCN). Figure 3.14 shows the 'H NMR spectrum of the yellow solid obtained from the
DCM reaction mixture. The new material displayed resonances distinct from those of
4, [4-H](PF¢) and [4-2H]((OTf),), which suggested that complexation of Ccu! by 4 had
occurred. The signal assignments shown in Figure 3.14 were made in combination
with HSQC spectra. This confirmed that the signals associated with the DACO ring
in 33 had split into diastereotopic pairs. Encouragingly, this splitting paralleled that
observed in the spectrum of 31 (Figure 3.11) as well as the protonated species [4-H](PFy)
and [4-2H]((OTf),) (Figure 2.10). Notably, a resonance at 2.42 ppm (corresponding to 3
protons) was observed. We assigned this to a coordinated MeCN ligand (uncoordinated

MeCN = 2.01 ppm). This assignment was confirmed by the presence of a high-
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Figure 3.15: Thermal ellipsoid plot of 33 a) Shows the complete cationic fragment; b)
Shows the cationic fragment with the N-benzyl groups removed for clarity. Ellipsoids
are shown at the 50% probability level. Hydrogen atoms and counter anions have been
omitted for clarity.

field signal at 2.9 ppm in the 3C NMR spectrum, typical of a nitrile methyl group.
Integration of the resonances in Figure 3.14 showed a 1:1 ratio of 4 to MeCN. This
suggested that 4 was bound in either a bidentate or a tridentate manner giving a
coordination number of either three or four. This is further corroborated by our ESI-

MS data that indicated the formation of [CuI(NCCH3)4]+.

Single crystals of 33 were grown by diffusing EtcO into a DCM solution of the
precipitate. The resulting pale yellow, needle-like crystals were found to crystallise
in the monoclinic space group P2;/c (Figure 3.15). Selected bond lengths, angles and
interatomic distances are shown in Table 3.4. Crystal data and refinement parameters

are given in Table 3.5 in the experimental section of this chapter. Notably, in 33

Table 3.4: Selected bond lengths, angles and interatomic distances for 33

33

N1-Cul /A 2.0108(15)
N2-Cul /A 2.1193(15)
N4-Cul /A 1.8540(16)
N1-N2 /A 2.97
N1-Cul-N2 /°  91.76(6)
N1-Cul-N4 /°  149.49(6)
N2-Cul-N4 /° 113.79(6)
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(Figure 3.15) the copper centre is three coordinate and is in a distorted trigonal planar
coordination environment. This structure was in agreement with the "H NMR and ESI-
MS data discussed above. The resonances associated with the DACO ring in 33 are
split as a result of coordination to the metal centre, irrespective of the fact that the exo-
cyclic amine remains unbound. The relative 1:1 integration in the "H NMR spectrum
between the methyl group of the MeCN ligand compared to the protons in 33 also
correlates with the structure obtained of 33. Similarly, the ESI-MS was indicative of
[Cu'(4)(MeCN)]*. The N1/N2-Cu bond lengths (Figure 3.15) were found to be slightly
shorter than those observed for the complexes of 2 but still in line with the values
expected for tertiary amines bound to Cu'.’® The N-Cul-N bond angles, given in
Table 3.4, deviate significantly from the expected 120°. This is due to the mesocyclic
nature of the DACO moiety restraining the N1-N2 distance and consequently the N1-
Cul-N2 bond angle. This angle is also significantly larger than those observed for
the complexes of 2 discussed above. We ascribe this to the absence of ligand field
stabilisation energy associated with the formation of d'° Cu' complexes. In this instance,
the geometry around the metal centre is purely dictated by sterics, thus the N1-Cul-N2
angle is maximised to reduce steric clashes between the substituents on the nitrogen
donor atoms. This is also likely a contributing factor to 4 binding in a bidentate mode,
rather in the tridentate fashion observed for 2. In addition, we reason that steric
clashes between the bulky benzyl substituents in 2 prevent all three nitrogen atoms

from binding the same metal centre.

Curiously, the structural parameters observed for 33 are almost identical to those
observed for [4-H](PF¢). In both of these structures, the lone pairs of the nitrogen
atoms are on the same face of the DACO ring as the methyl group. This results in
the exo-cyclic amino group residing on the opposite face of the mesocycle. In this
conformation, 4 can not bind metals in a tridentate manner, as we have observed for
2. Since this has been observed in these two instances it is reasonable to assume that
this is the preferred orientation of complexes 4 and is once again most likely a result of
the steric clashes between the bulky benzyl substituents. Comparison of the "H NMR

spectrum of 33 and [4-H](PFy) with that of 34 reveals a potentially useful spectroscopic
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characteristic of the different binding mode of the ligand skeleton. In the complexes
bidentate complexes 33 and [4-H](PF,) H; is shifted significantly upfield compared to
the free ligand 4. We reason that this is a result of the methyl group residing on the same
face of the DACO ring as the metal/ proton therefore, there is a significant change in
local magnetic anisotropy and consequently the chemical shift. By comparison, in 31
where the methyl group is on the opposite face of the ring to the metal, the difference in
chemical shift of H; is negligible. Therefore, the difference in chemical shift of H; can
be used to distinguish between bidentate binding of the ligand and tridentate binding

of the ligand.
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3.4 Conclusions and Future Work

In conclusion, we have described our preliminary studies into the coordination
chemistry of the two 1,5-DACO based ligands, 2 and 4, synthesised in Chapter 2.
We have investigated the reactivity of 2 towards [FeCl,], [Ni(OAc),], [Cu(OAc),],
[Cu(OTf),] and [ZnCl,]. The data we have presented for the Fe, Cu, and Zn complexes
suggested that, in the absence of bridging ligands, 2 tends forms square pyramidal
complexes. Importantly, we have observed no evidence by for the formation of
octahedral complexes with the general formula [M"(2),]"*, as has been previously
described for complexes of TAME.?? This indicated that our modifications to the
TAME framework have increased the steric demands around the metal binding pocket
such that formation of six coordinate 2:1 complexes is unfavourable. However, as
stated in Chapter 1, we require that our ligand forms pseudo-tetraheral complexes
in order to stabilise late transition metal-oxos therefore, these results suggested that
2 required further modification. Similarly, in the case of the solid state structures
of the binuclear iron complex 25 and the tetranuclear nickel cubane 27, we have
demonstrated that the metal centres readily react with bridging ligands such as chloride
or hydroxide to form polymetallic species. Consequently, we investigated the effect of
N-alkylation on the coordination behaviour of 2. We have investigated the reactivity
of 4 towards [CuI(MeCN)4](OTf) and [CuI(MeCN)4](PF6). X-ray crystallography
conclusively showed that the installation of benzyl groups lead to the formation of a
trigonal planar complex. We have ascribed this to the fact that the bulky benzyl groups
are unlikely to be able to be accommodated around the metal centre should 4 bind in a

tridentate fashion.

The results outlined in this chapter paint an exciting picture for the future of this project.
There is significant scope for investigating further the coordination chemistry of both 2
and 4. With regards to 2, future work should be focused on understanding the factors
that affect the formation of bimetallic species like the dimeric iron complex 25. It is also

crucial that the reactivity of 4 towards metals other than Cu' is examined in order to
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elucidate the feasibility of 4 binding in a tridentate fashion.
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3.5 Experimental Section

3.5.1 Materials and Methods

All reagents and solvents were purchased from commercial sources and used as
received, unless otherwise stated. Cu(OTf),, [Cu(MeCN),](PF¢) and [Cu(MeCN),](OT¥)
were prepared using previously reported procedures.?l”2® THF and Et,O were
distilled from sodium and benzophenone and stored under argon. MeCN and DCM

were distilled from CaH, prior to use.

CDCl; was dried and de-acidified by stirring and subsequently storing over 4 A
molecular sieves and basic alumina. 'H and *C NMR spectra were recorded on either
an Agilent 400-MR Long Hold Mag. Res. Spectrometer 2 or a Bruker Avance 11 600 MHz
spectrometer. ESI mass spectra were acquired by direct injection to a Micromass time
of flight spectrometer (tof). Fourier-Transform Infra-red spectra were recorded using a

Perkin-Elmer Spectrum I FT-IR spectrometer.
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3.5.2 Synthesis of [Fe"'(2)Cl,] (24/25)

Anhydrous FeCl, (32.2 mg, 0.25 mmol) was suspended in a schlenk charged with
anhydrous THF (2 mL). Triamine 2 (40.1 mg, 0.25 mmol) was added to a separate
schlenk, which was then purged with argon and charged with anhydrous THF (2
mL). This colourless solution was then transferred by syringe to the suspension of
FeCl,. The intense red/brown colour of the reaction mixture immediately began to
fade. The reaction was stirred for 10 minutes. The remaining inorganic insolubles
were then removed by cannula filtration to give a pale yellow solution. A large excess
of anhydrous Et;O (15 mL) was added to the THF solution, which was stirred for 10
minutes then allowed to settle. The supernatant was decanted and the remaining pale
yellow solid (43 mg, 59%) dried under vacuum. Crystals suitable for X-ray diffraction

were obtained by recrystallisation from MeCN/Et,O.

'H Paramagnetic NMR (400 MHz, CD;CN) 6 = -65.6, -54.6, -31.8, 5.4, 21.7, 85.7, 88.9,
159.2,181.3, 254.9
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3.5.3 Synthesis of [Ni"(2)(OAc),] (26)

Anhydrous Ni(OAc), (69.7 mg, 0.39 mmol) was suspended in a schlenk charged with
anhydrous THF (2 mL). Triamine 2 (62.1 mg, 0.39 mmol) was added to a separate
schlenk, which was then purged with argon and charged with anhydrous THF (2 mL).
This colourless solution was then transferred by syringe to the suspension of Ni(OAc),.
The pale green colour of the reaction mixture gradually began to turn intense blue. The
reaction was stirred for 1 hour. The remaining inorganic insolubles were then removed
by cannula filtration to give a dark blue solution. A large excess of anhydrous Et,O (15
mL) was added to the THF solution, which was stirred for 10 minutes then allowed to
settle. The supernatant was decanted and the remaining pale yellow solid, 26, (90 mg,
68%) dried under vacuum. Crystals of 27 suitable for X-ray diffraction were obtained

by recrystallisation of 26 from MeCN/Et,O.

H Paramagnetic NMR (400 MHz, CD;CN) 6 = -18.0, -5.3, -2.6, 26.7, 55.2, 70.1, 111.6,
150.5

vmax /cm’l: 3178, 2926, 1551, 1389, 1086, 1040, 953, 858, 788, 673, 617.

Nominal ESI-MS (m/z -ESI): Found: 274 (M". C;3H,,0,N3Ni predicted mass: 274)
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3.5.4  Attempted Synthesis of [Cu(2)(OAc),] (28) which

yielded 29

Anhydrous Cu(OAc), (47.7 mg, 0.26 mmol) was dissolved in a schlenk charged with
anhydrous DCM (2 mL). Triamine 2 (41.3 mg, 0.26 mmol) was added to a separate
schlenk, which was then purged with argon and charged with anhydrous DCM (2 mL).
This colourless solution was then transferred by syringe to the solution of Cu(OAc),.
The pale blue colour of the reaction mixture gradually began to turn intense blue.
The reaction was stirred for 10 minutes. The remaining inorganic insolubles were
then removed by cannula filtration to give a blue/green solution. A large excess of
anhydrous Et,O (15 mL) was added to the DCM solution, which was stirred for 10
minutes then allowed to settle. The supernatant was decanted and the remaining blue

solid, 29 (64 mg, 72%) was dried under vacuum.

Nominal ESI-MS (m/z -ESI): Found: 279 (M". C;,H,,0,N3Cu predicted mass: 2779)

Crystals of 29 suitable for X-ray diffraction were obtained by recrystallisation of 28 from

DCM/Et,0O.
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3.5.5 Synthesis of [Cu"(2)(OTf),] (30)

Anhydrous Cu(OTf), (78.2 mg, 0.22 mmol) was dissolved in a schlenk charged with
anhydrous DCM (2 mL). Triamine 2 (34.0 mg, 0.22 mmol) was added to a separate
schlenk, which was then purged with argon and charged with anhydrous DCM (2 mL).
This colourless solution was then transferred by syringe to the solution of Cu(OTf),.
The green/blue colour of the reaction mixture gradually began to turn intense blue.
The reaction was stirred for 10 minutes. The remaining inorganic insolubles were then
removed by cannula filtration to give a blue solution. A large excess of anhydrous Et,O
(15 mL) was added to the DCM solution, which was stirred for 10 minutes then allowed
to settle. The supernatant was decanted and the remaining blue solid, 30 (41 mg, 63%)

was dried under vacuum.

Crystals of 30 suitable for X-ray diffraction were obtained by recrystallisation of from

MeCN/Et,0.
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3.5.6 Synthesis of [Zn"(2)Cl,] (31)

Anhydrous ZnCl, (47.7 mg, 0.35 mmol) was suspended in a schlenk charged with
anhydrous THF (2 mL). Triamine 2 (55.0 mg, 0.35 mmol) was added to a separate
schlenk, which was then purged with argon and charged with anhydrous THF (2 mL).
This colourless solution was then transferred by syringe to the suspension of ZnCl,.
The reaction was stirred for 10 minutes. The remaining inorganic insolubles were
then removed by cannula filtration to give a pale yellow solution. A large excess of
anhydrous Et,O (15 mL) was added to the THF solution, which was stirred for 10
minutes then allowed to settle. The supernatant was decanted and the remaining white

solid (87 mg, 85%) dried under vacuum.

"H NMR (600 MHz, CD;CN) & = 0.69 (s, 3H), 1.70-1.80 (m, 1H), 2.07-2.14 (m, 4H), 2.75-
2.85 (m, 4H), 2.98 (s, 2H), 3.14-3.26 (m, 4H), 3.34 (s, 2H), 3.70 (s, 2H).

13C NMR (101 MHz, CD;CN) & = 23.9, 24.7, 34.5, 49.6, 54.7, 57.5.

vmax /cm™: 3252, 2931, 2873, 2250, 2162, 2049, 1980, 1591, 1459, 1413, 1376, 1348, 1292,
1244, 1220, 1104, 1080, 1045, 1023, 972, 950, 856, 775, 632, 613, 577, 559

Nominal ESI-MS (m/z -ESI): Found: 256 (M". CgH;9N3ZnCl predicted mass: 256).
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3.5.7 Synthesis of [Cu'(4)](OTf) (32)

In a glove box, 4 (0.079 g, 0.15 mmol) and [CuI(MeCN)4](OTf) (0.063 g, 0.17 mmol )
were stirred in anhydrous MeCN (5 mL) for 10 minutes. The reaction mixture was
then concentrated under vacuum. Anhydrous MeCN (1 mL) was added followed by
anhydrous Et,O (20 mL) giving an off-white precipitate. The precipitate was collected
by vacuum filtration and washed with anhydrous Et,O (2 5 mL) to give [(4)Cu)(OTH)
(0.045 g, 49%) as pale yellow solid.

Nominal ESI-MS (m/z -ESI): Found: 619 (M+ + K. C3Hy3N;Cu’K predicted mass:

619.2390).

Air sensitive compound, no melting point determined.
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3.5.8 Synthesis of [Cu'(4)](PFy) (33)

In a glove box, 4 (0.050 g, 0.09 mmol) and [Cul(MeCN)4](PF¢) (0.040 g, 0.1 mmol) were
stirred in anhydrous DCM (2 mL) for 10 minutes. Anhydrous Et,O (15 mL) was added
resulting in the formation of a pale yellow precipitate. The supernatant was decanted
and the precipitate dissolved in the minimum amount of DCM. The resulting solution
was layered with anhydrous Et,O and the product recrystallised to give 33 as pale
yellow needles (0.048 g, 65%).

"H NMR (400 MHz, CDCly) & = 0.17 (s, 3H), 1.841.98 (m, 2H), 2.042.11 (m, 4H), 2.33 (d,
J = 14.5 Hz, 2H), 2.42 (s, 3H), 2.552.63 (m, 2H), 3.19 (d, ] = 12.3 Hz, 2H), 3.43 (s, 4H),
3.503.63 (m, 2H), 3.96 (d, ] = 12.3 Hz, 2H).

13C NMR (151 MHz, CDCI3) 5 = 2.9, 23.8, 24.4, 30.9, 38.4, 59.2, 59.4, 61.7, 62.2, 67.1, 127.5,
128.4, 128.6, 129.3, 130.9, 131.6, 134.8, 139.3.
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3.5.9 Crystallographic Information

The X-ray intensity data were measured at the temperatures given in Table 3.5 using
an Oxford Cryosystems low temperature device using a MiTeGen micromount. See
Table 3.5 for collection parameters and exposure time. Bruker APEX software was used
to correct for Lorentz and polarization effects. Data were corrected for absorption effects
using the Multi-Scan method (SADABS). The structures were solved and refined using
the Bruker SHELXTL Software Package
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Table 3.5: Crystal data and refinement parameters for 24/25, 27, 29 and 33

27

24/25 29 33
Empirical formula C3,HyClgFe Ny, CyoHgoN15,Ni4O1o Cy7H;35C1,CuNg C3gHygCuFN4P
Formula weight 1136.04 1168.09 460.97 767.30
Temperature / K 100.01 100.0 100.04 100(2)
Crystal system Monoclinic Tetragonal Monoclinic Monoclinic
Space group P2;/c I4,/a Cy/c P2:/c

Unit cell dimensions

Volume / A3

V4

Density (calculated) / Mg m™
Crystal Size / mm?
Reflections collected
Independent reflections
Final R indices [1>20(I)]

R indices (all data)

a=129224(3) A
b =15.6759(4) A
c=12.3817(3) A
o= 90°
£=106.9870(11)°
v=90°
2398.74(10)
2
1.573
0.26 x 0.14 x 0.12
57613
9686 [R(int) = 0.0505]

R; =0.0310 wR; = 0.0577
R; =0.0525 wR; = 0.0653

a=23.0815(13) A
b =23.0815(13) A
¢ =10.6098(7) A

o= 90°
B=90°
v=90°
5652.4(7)
4
1.373
0.13 x 0.07 x 0.06
36451

2923 [Ryipy = 0.2210]
R; = 0.0627 wR, = 0.1283
R; =0.1115 wR, = 0.1421

a = 25.3015(16) A
b =12.2091(7) A
c=15.6702(9) A
a=90°
= 96.086(4)°
v=90°
4813.4(5)
8
1.272
0.16 x 0.08 x 0.05
31524

4858 [Ryjny = 0.1516]
R; =0.0616 wR,=0.1299 R;=0.0392 wR; =0.0825
R; =0.1204 wR,=0.1515 R;=0.0708 wR, =0.0943

a=13.9502(5) A
b =16.7687(6) A
c=15.9798(6) A
a=90°
B=105.4835(12)°
v=90°
3602.4(2)
4
1.415
0.500 x 0.130 x 0.050
64377
10124 [Rjnp) = 0.0551]




Chapter 4

Synthesis and Characterisation of a

Tricyclic, Tripodal, Triamine Ligand
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4.1 Introduction

In Chapter 3, we explored the coordination chemistry of the two mesocyclic ligands (2
and 4) synthesised in Chapter 2. We showed that 2 readily reacted with metals such as
iron, nickel and zinc to form the corresponding metal complexes. However, the steric
bulk around the metal binding pocket in these systems was insufficient to prevent the
formation of multinuclear complexes. In order to combat this, we synthesised, 4, the
benzylated analogue of 2. By installing the bulky benzyl groups, we had hoped to
increase the steric protection around the mental binding pocket such that the formation
of multinuclear complexes was unfavourable. However, analysis of the crystal structure
of the corresponding Cu' complex showed that 4 preferentially bound in a bidentate
manner, via the 1,5-diazacyclooctane (DACO) nitrogen atoms, with the third exo-cyclic
arm remaining unbound. This resulted in the trigonal planar complex 33. We reason
that this occured as a result of the size of the benzyl groups i.e. they are too bulky to

accommodate all four around one metal centre.

As outlined in Chapter 1, polyazamacrocycles have been utilised to great effect
in stabilising transition metal-oxo species.®’ The most notable of these is the four-
coordinate tetraazamacrocycle, 1,4,8,11-tetramethyl-1,4,8,11-tetraazacyclotetradecane

(TMC), which has been used in stabilising a variety of transition metal oxygen adducts;

I 11T 180-184

such as Fe!¥—oxo, Ni''—superoxo, Ni'—peroxo and Co'™'—peroxo complexes.
Several three-coordinate analogues have also been reported in the literature and
extensively studied. The most common of these is the triazamacrocycle, 1,4,7-
triazacyclononane (TACN). While TACN has been shown to form 1:1 ligand to metal
complexes, the ring size of TACN (9 atoms) is sufficiently small that it binds in a facially
capping manner. 12 This is in stark contrast to TMC which binds meridionally, with the
metal atom almost in the same plane as the nitrogen atoms.®" A direct consequence
of this is that TACN complexes form dinuclear complexes after reaction with O,,

regardless of the size of the N-alkly groups. For example, the Scarborough group

have developed N-tertbutyl substituted TACN which was found to form a dicopper(II)
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peroxo species after reaction with O,. 11154

Closely related to TACN, but not as commonly encountered is 1,59-
triazacyclododecane (TACDD).!>? Also a triazamacrocycle, TACDD contains a twelve
membered ring, as opposed to the nine membered ring in TACN. This increase in ring
size results in the metal sitting closer to the plane of nitrogen atoms and consequently,
the metal is more sterically shielded by the ligand periphery. This is exemplified by the
formation of a pseudo-tetrahedral Zn" complex and even a trigonal planar Cu' complex,
which have both been crystalographically characterised.!>1>> However, Tolman and
co-workers have shown that the trigonal planar coordination of the Cu centre nullifies

its reactivity towards O,.1>2

Inspired by these reports, we envisioned the synthesis of the macrocyclic 5, in which the
cyclic and acyclic nitrogen atoms in 2 would be linked with two propane bridges. We
believed that incorporating these additional two propane linkers into 2 offered several
benefits over 2 and 4. These benefits could all be described under the broad heading
of the macrocyclic effect. Firstly, we reasoned that the installation of two additional
propane linkers between the mesocyclic and exo-cyclic nitrogen atoms would fix in
place the exo-cyclic arm of 2, ensuring its association with the metal centre. Secondly,
we believed that the expected trigonal pyramidal geometry of each of the nitrogen
atoms would ensure that the lone pairs on each of the three nitrogen atoms are all
directed towards the centre of the macrocycle, resulting in the ligand binding in a
tridentate fashion. Thirdly, we postulated that the inclusion of the neopentyl backbone
(Figure 4.1 blue) to the TACDD macrocyclic framework (Figure 4.1 red) would increase

the overall rigidity of the molecule. We believed that this would encourage the binding

[N
d\‘;ﬁ\’/
5
Figure 4.1: Chemdraw representation of the target ligand 11-methyl-1,59-

triazatricyclo[7.3.3.1>11] hexadecane (5). The neopentyl skeleton is blue while the
TACDD skeleton is shown in red.

139



of metals by 5. The reason for this is that 5 contains a high degree of structural pre-
organisation. Consequently, the loss of entropy to the ligand upon binding of a metal
would be negligible thus increasing the thermodynamic driving force of the reaction
compared to 2 or 4. In addition, we believed that the use of the neopentyl skeleton in
alkylating TACDD would ensure that the alkyl groups are all on the same face of the
macrocycle, causing the propane bridges to be pushed in the same direction, out of the
plane of the nitrogens; affording more steric protection to the metal binding pocket. A
similar effect has been described by Que and co-workers for TMC.”* Finally, the use of
propane linkers would maximise the formation of thermodynamically favourable, six-
membered rings. A total of six six-membered rings would be formed on the binding
of a metal by 5, which we reasoned would make 5 an excellent chelating ligand. We
believed that the additional structural features incorporated into 5, compared to 2 or 4,

would help to aleviate the problems which we encountered in Chapter 3.

In this chapter, we describe the synthesis of 5 from the mesocycle, 22. We also
explore the acid base chemistry of 5 and demonstrate its exceptionally basic nature.
Furthermore, we also explore the coordination chemistry of 5 and present evidence for

the formation of its lithium and copper complexes.
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4.2 Synthesis and Characterisation of 35

'Y /S~ @ pr
K>CO N H-N
HN NH «3.5 HBr + I/\/\I 2 3 ﬁtN/\‘]
MeCN, Reflux, lj)
%NHZ 16 h
29 35 (60%)

Scheme 4.1: Synthesis of 35 via N-alkylation of 22 with 1,3-diiodopropane.

We identified 22 as the most suitable candidate for the synthesis of 5. The reasons for
this were two-fold. The first is that there is a significant amount of structural pre-
organisation in 22, owing to the presence of the DACO ring. We reasoned that this
would strongly promote the formation of 5. Secondly, 22 is poorly soluble in acetonitrile,
we reasoned that this could be utilised as an effective dilution. This was important
as it meant we would not have to work under the high dilution conditions which
are regularly encountered in the synthesis of macrocycles.?!” 22 was reacted with 1,3-
diiodopropane in the presence of K,COj in acetonitrile (MeCN) (Scheme 4.1). Analysis
of the crude reaction product by electrospray ionisation mass spectrometry (ESI-MS)
gave a peak at m/z = 238.2292 for C;,H,;N; + H" (expected m/z = 238.2283), indicating
that intramolecular N-alkylation had occured, confirming the formation of the desired

ligand skeleton in 5.

Analysis of the "H nuclear magnetic resonance (NMR) spectrum of the crude sample
showed a quintet at 2.27 ppm and a triplet at 3.28 ppm. This indicated the presence
of unreacted 1,3-diiodopropane. This was removed by slow precipitation of a
dichloromethane (DCM) solution of 35 with pentane. The 'H NMR spectrum of the
pure product has been assigned in conjunction with the corresponding heteronuclear
single quantum coherence (HSQC) spectra (Figure 4.2, Figure 4.3). Importantly, this
confirmed that the multiplets at 1.77-1.84 ppm and 2.11-2.24 ppm as well as those at 2.65-
2.74 ppm and 3.53-3.66 ppm were infact pairs of diastereotopic signals, as these protons
belonged to the same carbon atom. Installation of the additional two propane bridges,

as expected, significantly reduced the conformational flexibility of 35 when compared

141



142 140

T T
3.5 3.0 25 2.0 15 1.0
Chemical Shift (ppm)

Figure 4.2: "H NMR Spectrum of 35. (CDCl,, 600 MHz) Signal assignments are shown
in the inset. Diastereotopic protons have been arbitrarily labelled.

to 22 or 4. This was borne out in the "H NMR spectrum (Figure 4.2), which showed two
discrete multiplets for each pair of diastereotopic protons 3/3” and 4/4’, similar to the
spectra observed for [4-H](PF;) and the Zn" and Cu' complexes discussed in Chapter
3. The appearance of these signals is discussed in more detail below. Interestingly, we
observed a resonance at 14.14 ppm, integrating to one proton, which we tentatively
assigned as an N-H based on the proposed structure of 5. The relatively simple nature
of the spectrum in Figure 4.2 suggests that 35 is highly symmetrical and that the proton
is either shared equally between the three nitrogen atoms or, alternatively, shuttling
between the three equivalent nitrogen atoms on the NMR time scale. "H-"N correlation
spectroscopy (COSY) experiments failed to confirm this signal as an N-H as no cross-
peaks were observed. However, a D,O shake experiment, in which a drop of D,O was
added to a sample of 35 in CDCl; proved highly informative.The signal at 14.14 ppm
was found to slowly decrease in intensity until it was no longer observable after a period

of twelve days. This indicated that this signal arose from an exchangeable proton which,
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Figure 4.3: HSQC NMR Spectrum of 35. (CDCl;, 600 / 151 MHz) This spectrum
confirms the proton assignments given in Figure 4.2 and also illustrates the presence
of diastereotopic signals.

given the proposed structure of 35 was most likely an N-H. The long timescale of this

reaction is discussed in more detail below.

Single crystals of 35 were grown from the slow diffusion of diethyl ether into an
ethanolic solution of 35. 35 was found to crystallise in the P2;/n space group. The
asymmetric unit was found to contain two independent ion pairs, each consisting of a
Cy4HpgN3" cation and a bromide anion (Figure 4.4. Selected bond lengths are shown in
Table 4.1, crystal data and refinement parameters are given in Table 4.2). N-H atoms
were located and refined with restraints (vide infra). In the solid state, the three DACO
rings present in 35 are all in the boat-chair conformation, with an average C-N-C fold
angle of 113.79°. This was similar to the fold angle observed in [4-2H]((OTf),). We
believe that this conformation is favoured as intramolecular interactions are minimised.
This idea can be extended to the solution state and used to rationalise the different

splitting patterns observed in the signals for the 3/3" and 4/4’ diastereotopic pairs of
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Figure 4.4: Thermal ellipsoid plot of 35. a) Representative example of one of the
fragments from the asymmetric unit. b) Top view of the binding pocket of 35 illustrating
the association of the proton with N1 and the highly symmetric nature of the binding
pocket. Thermal ellipsoids are shown at the 50% probability level. Anions have been
omitted for clarity. Only N-H atoms are shown for clarity.

protons in the "H NMRspectrum (Figure 4.2).

Figure 4.5a shows a Newman projection of one of the propylene linkers in 35, generated
from the crystal structure obtained for 35. The dihedral angles are shown in red. Based
on the Karplus equation, we can expect that the coupling constant between vicinal
protons increases to its maximum as the dihedral angle between these protons tends
towards 180°.22° It is clear from Figure 4.5 that in the boat-chair conformation observed
in 35, the dihedral angle is maximised for Hy and Hy (175°) but not for H3 and Hy
(~60°). Consequently, the larger coupling constant between H3 and Hy gives rise to the
well-defined multiplets in Figure 4.2 at ~2.15 and 3.55 ppm. Furthermore, this implies
that 35 has a preferred conformation even in solution, as should the propylene linkers
be free to move between the two possible conformers i.e. the boat-boat conformation
(Figure 4.5b), one would expect this coupling phenomenon to average out and give rise
to identical signals for both of the protons in each of diastereotopic pairs. Importantly,
this suggests that the structure of 35 is highly conformationally rigid, which should
make complex formation more entropically favourable. The average N-N distance in
35is 2.71 A, which is comparable with that observed in protonated TACN (2.76 A).??!

No equivalent data is available for protonated TACDD. This data implies that we have
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Figure 4.5: a) A Newman projection and corresponding chemdraw of the boat-chair
conformer of the DACO ring found in 35, generated from the X-ray crystal structure
shown in Figure 4.4. This illustrates the large dihedral angle between vicinal protons
Hjs and Hy; b) A hypothetical Newman projection and corresponding chemdraw
of the alternate, boat-boat conformation of the DACO ring in 35. This illustrates
the anticipated large dihedral angle between vicinal protons Hz and Hj in this

conformation.

been successful in narrowing the binding pocket of the TACDD fragment of 35, so as to

b)

4 H,

N H,
C H,
‘Boat-Boat’

Hy:
Hy
Hs'
N N"H,

encourage the formation of pseudo-tetrahedral complexes.
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4.3 Acid-base Behaviour of 35

Obtaining the crystal structure of 35 confirmed that, curiously, we had isolated our
reaction product as the HBr salt. Importantly, this corroborated our assignment of the
signal at 14.14 ppm in the "H NMR spectrum Figure 4.2 as resulting from an N-H. This
was in contrast to the synthesis of 4, in which the freebase was isolated directly from
the reaction mixture. This suggested that the pKa of 35 is unusually high for a tertiary
amine (pKa EtzNH" = 10.75 in H,0), as it was not deprotonated by the carbonate base
during the reaction. Furthermore, work-up of the reaction of 22 with 1,3-diiodopropane
(Scheme 4.1) under anhydrous conditions confirmed that the proton was not provided
by adventitious water. We believe that this high basicity was the reason that the reaction
shown in Scheme 4.1 proceeded so cleanly. The formation of an ammonium ion in the
final step of the reaction, as opposed to the tertiary amine, prevented quaternisation of
the amines in 35, and thus the reaction proceeded without any side products. Similar
phenomena have been observed in the synthesis of cage adamanzanes, which have also

been found to be highly basic.???

Interestingly, adamanzanes have also been shown to
have similarly downfield ammonium N-H signals as well as an extremely low rate of
H/D exchange in D,O shake experiments; this has been attributed to encapsulation of

the proton by the cage like structure.??

We believe that the high basicity of 35 can be ascribed to a proton sponge type effect.
The same logic has been applied to account for the high basicity of triazamacrocycles

such as TACDD, and related systems described by Bell and co-workers.?!

'‘Proton Sponge'

Figure 4.6: The proton sponge (1,8-Bis(dimethylamino)naphthalene) has pKa of 12.1
in H,O. The unusually high pKa is a result of strain relief and the formation of
intramolecular hydrogen bonds upon protonation.?
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The archetypal proton sponge (Figure 4.6) has a pKa of 12.1 in H,O.??* This
class of compounds characteristically have a high basicity.??®> This is a consequence
of protonation modulating the interaction between the two nitrogen lone pairs.
Furthermore, due to the close proximity of a hydrogen bond acceptor, ie. the
second nitrogen, a strong hydrogen bond is formed between the N-H and adjacent
nitrogen, essentially chelating the proton.??® Both of these factors contribute to a
significant stabilisation of the conjugate acid and render the protonation reaction highly
exothermic. Therefore, this class of compounds have a high pKa.?? Furthermore, the
protons in these molecules typically exhibit low kinetic basicity. That is, they show

slow kinetics in H/D exchange reactions.?*

The practical consequence of the observed
high thermodynamic and low kinetic basicity of these compounds is that while they
are readily protonated, the proton can be difficult to remove. However, in instances
where the proton can be replaced by a metal, the resulting complexes have been shown

to demonstrate exceptionally high kinetic stability. 22

Analysis of 35 by X-ray crystallography showed that two discrete fragments were found
in the asymmetric unit of 35. While these fragments are not equivalent by symmetry, it
is apparent from Table 4.1 that both fragment 1 and fragment 2 show similar structural
parameters. N-H Hydrogen atoms were located and refined with restraints, the details
of which are given in the experimental section. In contrast to the "H NMR data shown
in Figure 4.2 discussed above, the N-H proton was found to be strongly associated with
N1. This was also supported by the longer mean N1-C distance (Table 4.1) compared

to the mean N2/N3-C distances, which suggested that N1 was protonated while N2

Table 4.1: Selected bond lengths and interatomic distances for 35.

Selected Distances /A Fragment1 Fragment 2

N1-N2 2.67 2.67
N1-N3 2.69 2.67
N2-N3 2.78 2.81
Mean N-N Distance 2.71 2.72
Mean N1-C Distance 1.51 1.50
Mean N2-C Distance 1.47 1.47
Mean N3-C Distance 1.48 1.47
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and N3 were not. Similar results have been observed by Springborg in the study of
adamanzanes, where the 'H NMR spectra suggested that the proton was shuttling
between the nitrogen atoms on the NMR timescale while in the solid state the proton
was located on one nitrogen atom in particular.??® Furthermore, the -NH- - - N distances
in 35 were found to be relatively short (~ 2.01 A) and, importantly, significantly less
than the sum of the Van der Waals radii of nitrogen and hydrogen (2.75 A). This is
suggestive of a hydrogen bonding interaction between the N-H and the remaining two
nitrogen atoms.??” This is a direct result of the structural rigidity of 35. Chelation of
a proton in this manner significantly reduces the interaction of the nitrogen lone pairs
in 35. In the solid state, the trigonal pyramidal geometry of the nitrogen atoms in 35
implies that the lone pairs are directed towards the centre of the cavity, inducing a
significant amount of strain in the structure. As 'H NMR spectrum suggests that the
conformation of the ring is fixed, this cannot be alleviated by the inversion of one or
more of the nitrogens. Therefore the binding and retention of a proton in the centre of
the macrocycle is highly thermodynamically favourable as it reduces this interaction.
Consideration of these structural factors above, which suggest that protonation of 5
leads to a relief of strain caused by the interaction of the nitrogen lone pairs as well
hydrogen bonding interactions between the N-H and adjacent nitrogen atoms add
weight to the idea that 35 is superbasic. With this in mind, we next sought to remove

the proton and isolate the freebase, in order to synthesise metal complexes of 35.

It has been reported that the formation of an intramolecular hydrogen bond can increase
the pKa of a molecule by 2-4 pKa units while the reduction of lone pair repulsion
can increase the pKa by up to 6 pKa units.?”® With this in mind and considering the
literature reported value of the pKa of TACDD (12-13),%! we reasoned that the most
convenient base for the deprotonation of 35 would be hydroxide. To this end, we
replicated the procedure we had previously used in generating the freebase 2 from
22. 35 was dissolved in the minimum amount of H,O and potassium hydroxide (10
eq) was added (Scheme 4.2). This mixture was then added to a solution of toluene
and the mixture refluxed in a Dean-Stark apparatus until all of the water had been

removed. Curiously, analysis of the post reaction mixture indicated that none of the
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Scheme 4.2: Failed attempt at the deprotonation of 35 using KOH. This led us to
conclude that the pKa of 35 > 15.7 in H,O.

freebase, 5, had been formed. This suggested that hydroxide was not a strong enough
base to deprotonate 35 and by extension implied that the pKa of 5 was greater than 15.7
in HZO

Consequently, we turned our attention to stronger bases however, our efforts in
this area were significantly hampered by the poor solubility of 35. After work-
up of the reaction (Scheme 4.1), 35 was only soluble in halogenated solvents,
N,N-dimethylformamide (DMF) and water. 35 was reacted with KO'Bu in DCM,
(Scheme 4.3). Gratifyingly, a pale yellow solution of 35 in DCM turned instantly
colourless on addition of one equivalent of KO'Bu. This colour change was
accompanied by the formation of a white precipitate. The precipitate was removed
by cannula filtration and the remaining solvent removed in vacuuo. "H NMR analysis of
this crude reaction product showed the presence of HO'Bu. This was readily removed
through repeated azeotropic distillation with anhydrous hexane. Crucially, the 'H NMR
spectrum (Figure 4.7b) showed no peak for the N-H proton at 14.14 ppm (Figure 4.7,
inset) and the remaining resonances resulting from the cyclic protons were shifted
slightly (cf. Figure 4.7a). The splitting pattern of the freebase signals remained the same
as that observed for the HBr salt, 35 (Figure 4.7a). This suggested that protonation had

little effect on the conformation of 5 further supporting the idea that the macrocycle is

N RN BT t SAY
EtN KOBU ﬁ\l\N/q
DCM, 10 mins bﬁ
rt.
35 5 (80%)

Scheme 4.3: The successful deprotonation of 35 in DCM with KO'Bu to give the
corresponding freebase 5.
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Figure 4.7: "H NMR spectrum of 5 and related complexes. a)'H NMR spectrum of 35
(600 MHz CDCly); b) 'H NMR spectrum of 5; c) 'H NMR spectrum of the reaction of 5
with LiClO,; d) 'H NMR spectrum of the reaction of 5 with [Cul(NCCH,),](PF,); inset
shows the region of the characteristic N-H peak of the protonated 35. Spectra b-d were
collected at 400 MHz in CDCls.

conformationally rigid. This is in contrast to 4, in which a reduction in conformational
flexibility was observed upon protonation (vide supra). The similarity in chemical shift
between the aliphatic signals in 35 and 5 likely results from the fact that the proton
is only loosely associated with each of the three nitrogens in solution i.e. shuttling
between them on the NMR time scale, as opposed to being strongly associated with
one nitrogen as observed in the solid state (Figure 4.4). We postulate that as there is a
negligible change to the local magnetic environment on removal of the proton that the

chemical shifts remain relatively similar in 35 and 5.
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4.4 Synthesis of metal complexes 5

With the freebase 5 in hand, we next sought to introduce a metal into the now
vacant macrocyclic cavity. To this end we conducted several preliminary NMR tube
experiments (Figure 4.7). In the first of these experiments, Figure 4.7c, we added
a small amount of LiClO, to the NMR sample of 5 (Figure 4.7b). We chose to use
lithium perchlorate for several reasons. Firstly, it is readily soluble in organic solvents.
Secondly, any resulting lithium complex would be stable to oxidation and diamagnetic
(i.e. NMR active). Finally, similar macrocycles to 5 have been predicted in the literature
to be excellent ionophores for lithium.2!? It is clear from the spectrum in Figure 4.7c
that addition of lithium to the cavity had a small but noticeable effect on the 'H
chemical shifts, with all of the signals being shifted slightly upfield when compared
to Figure 4.7b. As observed in the deprotonation, the relative ordering of the signals
was not altered and the splitting patterns remained unchanged. This is once again most
likely a result of the conformational rigidity of 5 in solution. We tentatively ascribe
this shift to the formation of the lithium complex 36. However, analysis of the NMR
solution by direct injection ESI-MS only displayed a peak corresponding to the mass of
the free ligand, and no lithium complex was observed, failing to confirm the identity
of the species shown in Figure 4.2c. Encouraged by the notable change in the 'H NMR
signals on addition of lithium, we then attempted to utilise other "H NMR compatible

metals.

In a similar experiment to that described above, we added a small amount of
[CuI(NCCH3)4](PF6) to a sample of 5 in CDCl; (Figure 4.7d). Once again a change in
the "H NMR spectrum was evident. However, unlike the spectrum aquired after the
addition of LiClO, (Figure 4.7c), there was a marked movement in the multiplet at 3.41-
3.53, corresponding to Hy. In fact, the spectrum obtained for Cu' was almost identical
to that of the protonated species 35 (Figure 4.7a). Crucially however, no signal was
observed at ~14 ppm, corresponding to a N-H proton (Figure 4.7, inset). This confirmed

that the reaction had not simply re-protonated the starting material, 5. Furthermore,
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analysis of the reaction mixture by direct injection ESI-MS showed a peak at m/z =
318 with an isotopic pattern corresponding to the copper complex, 37, plus one water
molecule (expected m/z = 318). Owing to the experimental set up, these values are only
accurate to nominal mass and therefore provide strong support for the identity of the
complex in the NMR spectrum. The data provided from the NMR tube experiments
described above clearly indicate that once 35 has been deprotonated, the three nitrogen
atoms are free to bind metal ions. This is clearly demonstrated by the formation of 37, a

low coordinate, late transition metal complex.

® ®
Né\'-i/\\N Ni?i\N
E\ 1 ﬁT\N/q

36 37

Scheme 4.4: Complexes of 5. Resulting from NMR tube scale reactions with LiClO, and
[Cul(NCCH,),](PF4) in CD,CN.
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4.5 Conclusions and Future Work

In summary, we have shown that reaction of 22 with 1,3-diiodopropane leads to the
clean formation of the tricyclicmacrocycle, 35, which was characterised extensively
using NMR spectroscopy and X-ray diffraction. 35 combines both the neopentyl and
TACDD structural motifs, which contribute to 35 possessing a high degree of structural
rigidity. This manifests in 5 displaying an unusually high pKa and suggests that the
corresponding freebase, 5, can be expected to be an excellent c-donor and therefore,

adept at stabilising the high oxidation states expected of late transition metal-oxos.

The rigidity of 5 was also found to impart a significant degree of structural pre-
organisation with regards to the formation of pseudo-tetrahedral metal complexes of
5. The lone pairs of each of the nitrogen atoms were found to be directed towards the
centre of the TACDD ring in 35 which we believe will strongly promote the binding of
5 in a tridentate mode. Importantly, we have been successful in alkylating the triamine,
22 to give a more sterically protected metal binding pocket. In our opinion, this will
prevent the formation of multinuclear complexes. We have also been able to prepare

complexes 36 and 37 demonstrating the ability of 5 to form metal complexes.

Future work on this exciting project will be focused on scaling up the synthesis of the
copper complex reported above. By doing this, we hope to be able to thoroughly
structurally characterise the resulting complex and also begin to investigate the
properties which the highly unusual ligand, 5, imparts to the metal centre. Furthermore,
we wish to explore the reactivity of 5 with other first row transition metals such as Fe',
Ni'l and Zn" in order to better understand the coordination behaviour of 5. Ultimately,
the goal of this project is to develop our understanding of the Cu' complex to the point
where we can begin to examine its reactivity in oxidation reactions. In particular, we
would like to investigate the reactivity of the complex towards O, as well as oxygen
atom transfer (OAT) reagents, such as iodosyl benzene, at low temperatures. By doing
this, we hope to be able to identify reactive intermediates such as the corresponding

Cu"-0,~ and Cu™=0 complexes. Identifying these species will allow us to begin to
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probe the reactivity of late transition metal-oxo species.
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4.6 Experimental Section

4.6.1 Materials and Methods

All reagents and solvents were purchased from commercial sources and used as
received, unless otherwise stated. [Cu(MeCN),](PF,) were prepared using previously
reported procedures.?! tetrahydrofuran (THF) and diethyl ether (Et;O) were distilled
from sodium and benzophenone and stored under argon. MeCN and DCM were
distilled from CaH, prior to use. CDCl; was dried and de-acidified by stirring and
subsequently storing over 4 A molecular sieves and basic alumina. 'H and *C NMR
were recorded on either an Agilent 400-MR Long Hold Mag. Res. Spectrometer 2 or
a Bruker Avance II 600 MHz spectrometer. ESI mass spectra were acquired by direct

injection to a Micromass time of flight spectrometer (ToF).
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4.6.2 Synthesis of 11-methyl-1,59-triazatricyclo[7.3.3.151]

hexadecane hydrobromide (35)

3/3’ /\/\ @ Br-

[N (=N
a4 l\’i;l)
2

1

22 (1.57 g, 3.93 mmol), 1,3-diiodopropane (2.32 g, 7.85 mmol) and K,CO; (5.42 g,
39.25 mmol) were added to a round bottomed flask containing acetonitrile (400 mL)
and heated at reflux for 16 hours. The reaction mixture was then cooled to room
temperature and the remaining K,CO; removed by filtration. The remaining solvent
was removed in vacuuo. The resulting white residue was dissolved in DCM (2 mL)
and filtered to remove any insoluble material. The DCM solution was then added
dropwise to a vigorously stirred solution of pentane resulting in the formation of a
white precipitate. The precipitate was collected by filtration and washed with pentane
(2 x 10 mL) followed by Et;O (2 x 10 mL) then dried under vacuum to give 35 (0.72 g,
60%). Single crystals suitable for X-ray diffraction were grown by diffusing Et,O into a

concentrated ethanolic solution of 35.

"H NMR (600 MHz, CDCl,) & = 0.80 (s, 3H, Hy), 1.77-1.84 (m, 3H, Hy), 2.11-2.24 (m, 3H,
Hy), 2.65-2.74 (m, 6H, Hs), 2.99 (s, 6H, Hy), 3.53-3.66 (m, 6HHj/), 14.17 (s, 1H, N-H).

13C NMR (151 MHz, CDCl,) 5 = 22.1, 22.8, 29.0, 54.7, 59.7

HRMS (m/z -ESI): Found: 238.2292 (M" + H. C4H,;Nj; predicted mass: 238.2283).
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4.6.3 Synthesis of 11-methyl-1,59-triazatricyclo[7.3.3.1>1]

hexadecane (5)

3/3’ /~\
[N N
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b
1

4/4

35 (0.2 g, 0.63 mmol) was added to a Schlenk charged with anhydrous DCM (10 mL).
KO'Bu (0.071 g, 0.63 mmol) was added and the reaction mixture stirred for 10 minutes.
An immediate bleaching of the yellow solution was accompanied by the formation of
a white precipitate. The supernatant was transferred by cannula filtration to a second

Schlenk and the solvent removed under vacuum to give a colourless oil, 5 (0.127 g,

85%).

"H NMR (600 MHz, CDCl,) & = 0.77 (s, 3H, Hy), 1.69-1.79 (m, 3H, Hy), 2.10-2.24 (m, 3H,
Hy), 2.78-2.86 (m, 6H, Hs), 2.98 (s, 6H, Hy), 3.24-3.35 (m, 6H, Hy).
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4.6.4 Crystallographic Information

The X-ray intensity data were measured at the temperatures given in Table 4.2 using
an Oxford Cryosystems low temperature device using a MiTeGen micromount. See
Table 4.2 for collection parameters and exposure time. Bruker APEX software was used
to correct for Lorentz and polarization effects. Data were corrected for absorption effects
using the Multi-Scan method (SADABS). The structures were solved and refined using
the Bruker SHELXTL Software Package,

For 35 (both fragments), the location of the ammonium hydrogen was determined from
the highest residual on the difference map located in the correct position. There was
only one residual in the centre of each macrocycle that fitted this description. The N-H
distance was restrained to 0.9 Aand the thermal parameter of the hydrogen was allowed

to ride on the parent nitrogen with U;so)(H) = 1.2U gy (N).

Table 4.2: Crystal data and refinement parameters for 35

35
Empirical formula Cq4HogBrNy
Formula weight 318.30
Temperature / K 100.01
Crystal system Monoclinic
Space group P2;/n

a = 15.2560(6) A
b = 14.9837(6) A
c =15.4356(6) A

Unit cell dimensions

o=90°

$=114.3503(12)°

y=90°
Volume / A3 3214.6(2)
V4 8
Density (calculated) / Mg m™ 1.315
Crystal Size / mm? 0.420 x 0.190 x 0.030
Reflections collected 40235

Independent reflections
Final R indices [I1>205(I)]
R indices (all data)

6567 [R(ing = 0.0605]
Ry = 0.0557 wR; = 0.1669
R, =0.0741 wR, = 0.1856
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Chapter 5

Conclusion and Future Work
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5.1 Conclusion

The objective of this thesis was to design and synthesise a ligand which possessed the
requisite properties to stabilise late transition metal-oxo species, which we believe will
be potent oxidants. We have outlined several criteria that such a ligand must meet. It
must enforce a pseudo-tetrahedral coordination geometry at the metal centre, it must
contain strong o-donor atoms and it must be sterically bulky. Based on the work

presented in this thesis, we are able to draw several interesting conclusions.

5.1.1 Mesocyclic Ligand Synthesis

We reported several synthetic routes towards the synthesis of a mesocyclic tripodal,
triamine ligand 22, which met all of the above criteria. The mesocyclic DACO
ring in 2 was readily synthesised via a Richman-Aitkins cyclisation of two of the
arms of our tripodal starting material 18. This left the third remaining arm free
for further functionalisation. By adopting a modular approach to this synthesis,
we have synthesised a library of synthons which may be further derivitised to
modulate the steric and electronic properties of the ligand (vide infra). 22 was
extensively characterised and its structural properties thoroughly investigated. X-ray
crystallography revealed that 22 adopted an unusual conformation in the solid state
which would disfavour the binding of metals in a tridentate manner. However, upon
deprotonation of 22 to give the corresponding freebase 2, NMR studies revealed that
this species retained a high degree of flexibility in solution thus, would be capable of
binding metals in the intended manner. We also demonstrated that 22 readily reacted
with benzyl bromide to give 4. This resulted in a more sterically bulky analogue
of 2. NMR studies suggested that 4 retained a high degree of flexibility in solution
although this was reduced after monoprotonation of the DACO ring in 4. These results
indicated that we had been successful in isolating two ligands, which would be capable

of stabilising late transition metal-oxos.
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5.1.2 Coordination Chemistry of Mesocyclic Ligands 2 and 4

Having isolated both 2 and 4 we then explored their reactivity with first row
transition metals. We have shown that in the absence of bridging ligands, 2 tends
to form square pyramidal complexes. In the case of the reaction of 2 with [FeCl,],
[Cu(OAc),] and [Cu(OTf),] X-ray crystallography indicated the formation of the square
pyramidal complexes 24, 29 and 30. Similarly, 'H NMR and ESI-MS were suggestive
of the formation of a square pyramidal complex, 31, after the reaction of 2 with
[ZnCl,]. However, we also obtained crystal structures of polymetalic six coordinate
complexes, 25 and 27, when bridging ligands were present in the reaction mixture.
Importantly, we did not observed any evidence for the formation of complexes with
the general formula [M"(2),]"*. This suggested that our ligand modifications had been
successful in overcoming the drawbacks associated with tripodal ligands such as 1,1,1-
tris(aminomethyl)ethane (TAME). These results also indicated that under the reaction
conditions employed, the steric bulk associated with 2 was insufficient to promote the
formation of pseudo-tetrahedral metal complexes. Therefore, we also investigate the
reactivity of 4. We have shown that a trigonal planar Cu complex, [Cul(4)(MeCN)](PF6),
results from the reaction of 4 with [CuI(MeCN)4](PF6). This suggested that the bulk of

the benzyl groups prevented their accommodation around the same metal centre.

5.1.3 Macroocyclic Ligand Synthesis

We envisioned further modifying 2 to give the tricyclic macrocycle 5; which was
readily synthesised through reaction of 22 with 1,3-diiodopropane and isolated as
the corresponding HBr salt, 35. 'H NMR studies suggested that 35 was highly
conformationally rigid and that this rigidity was maintained even after deprotonation.
The inherent rigidity of 5 was used to rationalise the exceptionally high pka of 35.
This data suggested that 5 would bind metals in a facially capping manner and be an
excellent o-donor. Finally, we provided tentative evidence that suggested 5 formed

metal complexes upon reaction with lithium or copper.
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5.2 Future Work

The future work which should be carried out on this project focuses on two avenues.
The first of these avenues is the continued exploration of the coordination chemistry of
the three ligands synthesised in this thesis (2, 4 and 5). The second avenue involves
making further modifications to the ligand framework in order to modify the structural

and electronic properties of the resulting complexes.

5.2.1 Coordination Chemistry

-

o O
\
HN NH Felz, NaBPh, A\NFL\ _ @@BO
N\ "

%NHZ _ \%J \H_ @

Scheme 5.1: Proposed synthetic route to pseudo-tetrahedral complexes of 2 utilising
bulky anions.

In the case of 2 these studies should be directed towards understanding the factors
which affect the coordination geometry of the resulting metal complexes. In particular,
one question which needs to be addressed is whether 2 can form pseudo-tetrahedral
complexes. This should be probed through reactions with metal salts containing bulkier
anions (Scheme 5.1. This strategy has been successfully employed by the Chang and
Scarborough groups in isolating tetrahedral complexes.>"17> Furthermore, the factors

that affect the formation of multinuclear species should be further investigated.

The key question which remains to be answered with regards to 4 is whether this ligand
is capable of binding a metal centre in a tridentate fashion. In order to evaluate this, 4
should be reacted with metals other than Cu' which have a d-electron count other than
10. This should make the formation of trigonal planar complexes, like that observed

in the reaction with [Cul(MeCN),](PF¢) (33), unfavourable. For example, it would be
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interesting to investigate the reaction of 4 with [MH(OTf)Z] (M = Mn, Fe) as these metals

have a stronger preference for forming higher coordinate complexes.

Finally, preliminary results obtained suggested that 5 was capable of forming metal
complexs with Li and Cu. These findings must be explored much more thoroughly and
every attempt should be made to obtain crystal structures of these complexes. We are
incredibly encouraged by these preliminary results with regards to 5 and our confident
that these studies will lead to the isolation of a pseudo-tetrahedral late transition metal
complex. We then hope to be able to explore the reactivity of this species towards OAT
reagents at low temperatures and subsequently probe their reactivity in C-H activation

reactions.

5.2.2 Synthetic Chemistry

A significant part of this thesis involved the synthesis of the triamine 22. In adopting a
modular approach to the synthesis of this compound, we have developed a library of
synthons containing the DACO framework, which could be reacted to further derivitise

the ligand architecture.

In order to selectively address the exo-cyclic amine arm, 21 could either be alkylated
using an alkyl halide or via a reductive amination reaction (Scheme 5.2). The resulting
product could then be deprotected to yield a ligand in which the exo-cyclic arm consists
of a tertiary amine while the DACO nitrogen atoms remain as secondary amines. This

synthetic methodology may be adopted to benzylate the exo-cyclic amine only to give

a) R X

/\ R #Me, X =Br, | /\ /\

TsN NTs TsN NTs — HN NH
-
%NHZ b) R 7O %NRz %NRz
Reductive
21 Amination

Scheme 5.2: Proposed synthetic route to the selective functionalisation of the exo-cyclic
amine in 21. This could be achieved through either alkylation with an alkyl halide or
through reductive amination using an aldehyde and appropriate reductant.
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Scheme 5.3: Proposed synthetic route to the introduction of an exo-cyclic 1,2,3-triazole
moiety into the general ligand architecture via a click reaction utilising 14

a less bulky analogue of 4 which may bind metals in a tripodal manner, rather than the

bidentate fashion observed for 33.

The introduction of a 1,2,3-triazole moiety into the ligand architecture may also be an
interesting pathway which warrants investigation. This could be achieved through a
click reaction between 14 and an alkyne followed by deprotection of the N-tosyl groups
(Scheme 5.3). The advantages of this are twofold. Firstly, a variety of alkynes could be
employed which would allow for facile tuning of the steric and electronic properties
associated with the triazole moiety. Secondly, introduction of the triazole moiety would
lead to an increase in the size of the binding pocket of the ligand. This would allow
the metal to sit closer to the plane of the nitrogen atoms and consequently increase the
steric shielding of the metal centre by the ligand framework. A similar result could be
achieved through the reaction of 20 with KCN to give the corresponding nitrile which
could then be reduced to the primary amine (Scheme 5.4). This would extend the length
of the exo-cyclic arm by one carbon atom and may also afford extra steric protection for

the metal centre.

One of the most disappointing aspects of this work was our lack of success

in isolating the tetra-methylated ligand, 3, which we had targeted from the

/\ Reduction /\

KCN TsN NTs

7
TsN NTs
% Br KN Deprotection %NHZ
20

Scheme 5.4: Proposed synthetic route to extension of the exo-cyclic arm via reaction
with KCN followed by reduction then deprotection of the N-tosyl groups.
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Scheme 5.5: Potential synthetic route to 3 via reductive amination using N,N’-
dimethylethylenediamine.

outset. The results discussed above suggest that a change in synthetic approach
is necessary in order to isolate this species. We propose that by changing the
starting material to the commercially available 3-hydroxy-2-(hydroxymethyl)-2-methyl
propanoic acid (Scheme 5.5) that 3 may be accessible 3-hydroxy-2-(hydroxymethyl)-2-
methyl propanoic acid is readily converted to the corresponding benzyl ester.??® The
remaining hydroxyl groups may then be oxidised to the corresponding aldehydes
which could then undergo reductive amination with N,N’-dimethylethylenediamine to
give the dimethylated DACO ring. Cleavage of the benzyl ester protecting group would
give the carboxylic acid which could then be converted to 3. This route represents
a significant synthetic undertaking therefore, was not attempted within this project.
However, given the results discussed in Chapter 2, this represents the most simple route
to 3. Additionally, this synthesis would allow for the preparation of ligands with exo-
cyclic amido donors, which have been shown to stabilise metals in high oxidation states

owing to their basicity.
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